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PREFACE 
For many years county mutual insurance companies were 
plagued with the problem of paying unjustified claims for 
supposed lightning injuries and fatalities in livestock. 
They recognized that the basis of the problem lay in their 
inability to identify authentic lightning injuries and 
fatalities. Periodically they asked members of the veteri­
nary profession to tell them how to become better diag­
nosticians of the effects of lightning on livestock. 
In 1961, Dr. F, K. Ramsey, Head of the Department of 
Veterinary Pathology, Iowa State University, was requested 
to present a paper on this subject at the Midwestern Regional 
Meeting of the Farm Conference Sections of the National 
Association of Mutual Insurance Companies in Des Moines, Iowa. 
He made it clear to them that little was known about the 
identification of lightning injuries and deaths and that if 
they wished to have this information they could obtain it 
through support of research. In 1962, the Iowa Association 
of Mutual Insurance Associations, with the urging and direc­
tion of their secretary. Professor Henry Giese of the Depart­
ment of Agricultural Engineering, appropriated $65,000 for a 
3-year study and requested Dr. Ramsey and the department of 
pathology to investigate the effects of lightning on livestock. 
This thesis represents the research conducted from July, 
1962, to July, 1965 in fulfillment of the request of the 
V 
insurance companies. The research attempts to describe or 
explain the following: tissue changes found in carcasses 
killed by lightning; clinical picture of~animals injured by 
lightning; development of tissue changes in lightning fatali­
ties; response of an animal's body to a lightning stroke; 
characteristics of lightning discharge pehnomena in relation­
ship to injury and death; electricity's behavior in the body; 
effect of electricity on individual cells; and the manner in 
which electricity causes death. This diverse material has 
been compiled in the standardized format dictated by the 
Graduate College. 
There are 4 main sections in this work. The first 3 
are a description of lightning injuries and deaths, an ex­
perimental investigation of the effects of simulated light­
ning on sheep and their response, and an experimental in­
vestigation of the effects of electricity on tissue culture 
cells. The fourth section, presented under the "Discussion" 
heading, deals with theoretical considerations of the mech­
anisms of lightning and electric discharges. Also included 
in this section are explanations of living cell and organism 
responses to electricity, and finally, an explanation of 
post-mortem changes. 
At the outset of the project, a tour was made of the 
central part of the state of Iowa. The officers and ad­
justers of 50 county mutuals were interviewed regarding 
their methods of handling claims, the methods they used to 
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diagnose lightning claims, how they felt the project could 
benefit them, and the extent of their annual losses. From 
these interviews it was learned that there was no uniformity 
in handling claims or in techniques of diagnosis. About 70 
per cent of lightning claims were diagnosed by representa­
tives of the companies. The remaining 30 per cent were about 
equally divided between veterinarians and rendering plant 
personnel. Techniques employed at that time for diagnosing 
causes of death were unreliable and in many cases detrimental 
to the economic well-being of the stock owner and a threat to 
the health of people in the communities. 
It was decided that the research would be most useful 
if it eliminated the threat of misdiagnosed and undiagnosed 
diseases in the livestock population. Also the research has 
to benefit the insurance companies by providing a means of 
recognizing lightning fatalities and injuries. 
It was anticipated that the diagnostic criteria for 
recognizing lightning fatalities would require graduate vet­
erinarians for maximum implementation. In July of 1962, 
relationships between veterinarians and insurance people 
were generally uneasy. This state of disagreement had to be 
rectified before termination of the project if the research 
was to yield maximum benefit. Dr. F. K. Ramsey and the author 
decided that one of their responsibilities as investigators 
was to set the stage for the application of these findings 
by improving insurance company-veterinary profession relation­
vil 
ships. To these ends an extensive program was conceived and 
carried out. The first step was to demonstrate to the in­
surance companies how the diagnostic procedures they were 
using were costing them needless claims and at the same time 
endangering the health and economic status of their clients. 
The second step was the development of a uniform claims-
handling procedure. The companies were urged to employ vet­
erinarians to necropsy every claim, regardless of how obvious 
it might appear to an adjuster. An insurance company repre­
sentative was to accompany the veterinarian on his inspection. 
The representative was to have the veterinarian point out 
significant lesions encountered in the necropsy. The veter­
inarian was expected to perform a creditable examination, and 
if he made a diagnosis the company was to honor it. If a 
diagnosis was not possible or if confirmation of a diagnosis 
was needed; specimens were to be sent to a diagnostic labora­
tory, When all investigation was fruitless, the veterinarian, 
adjuster, and stockman were to arbitrate the strength of 
circumstantial evidence as a basis for diagnosis. 
The third step toward improving the management of 
lightning claims was the development of a necropsy report 
form for general use by the veterinarians examining claims 
for mutual insurance companies. 
The fourth step was to assist the Insurance companies 
in reducing the claim reporting time from 5 to 2 days. 
The fifth step was the initiation of a state-wide edu­
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cation program. This consisted of speaking to groups of 
farmers and insurance people about the need for and benefits 
from the advocated claims-handling procedure. The author 
spoke at the annual Grinnell Reinsurance meeting, at Manning, 
Council Bluffs, and Story City. Dr. F. K, Ramsey and the 
author jointly presented talks to insurance personnel at the 
annual conventions of the Iowa Association of Mutual Insurance 
Associations from 1962 through 1965. A series of dinner 
meetings was conducted. These were sponsored by 1 to 8 
insurance companies in an area. They were attended by par­
ticipating company representatives and local veterinarians. 
The purpose was to increase mutual understanding and coopera­
tion. Criticisms and misunderstandings between the two groups 
were aired and discussed, responsibilities of both parties 
were delineated, impending problems in the claims-handling 
program were exposed, and characteristic lightning-fatality 
necropsy findings were described. 
Dr. Ramsey presided over meetings in Council Bluffs 
and Dubuque. The author presided in Marcus, Storm Lake, 
Decorah. Mount Pleasant, Dubuque, Washington, Council Bluffs, 
Iowa Falls, Toledo, Amana, and Mount Ayr. Joint presentations 
by Dr. Ramsey and the author were given in Sheldon and Water­
loo. Other joint presentations were given twice at state and 
midwest Iowa Farm Bureau Federation meetings of adjusters, 
twice at Iowa Veterinary Medical Association conventions, 
and at the Southwest Iowa Veterinary Medical Association in 
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Council Bluffs, Out-of-state presentations of the claims-
handling procedures were delivered by Dr. Ramsey in Washing­
ton, D.C., at the annual meeting of the U.S. Livestock Sani­
tary Association; in Minneapolis at the state convention of the 
Minnesota Association of Mutual Insurance Associations; and 
at the conference of the South Dakota Veterinary Medical As­
sociation. Joint presentations were given in Missouri, New 
Mexico, Minnesota, and Illinois. 
As a result of the claims-handling procedure and the 
educational program, veterinarians are now examining about 
85 per cent of all lightning claims in Iowa. The insurance 
companies in the state that use veterinarians have decreased 
their payments of lightning claims 25 to 75 per cent, with 
the average between 35 and 50 per cent. Many infectious dis­
eases have been diagnosed in livestock herds, and this in-
-formation has benefited the livestock industry. 
The necropsy report form, a copy of which is forwarded 
to the Department of Veterinary Pathology, has provided a 
valuable survey of disease conditions existing in Iowa. 
Illinois and Minnesota insurance companies have started 
lightning claims-handling programs based on the program 
developed in this research project. A number of pertinent 
articles have been published in veterinary and insurance 
publications. 
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LITERATURE REVIEW 
Review of Veterinary Literature 
Veterinary literature reporting the effects of lightning 
on livestock was mostly the product of practitioners and 
clinicians. It consisted for the most part, of case reports, 
many of which were unsubstantiated, in periodicals and their 
summarization and theoretical embellishment in text books. 
There was no experimental work or thorough investigative 
studies of lightning and electricity deaths and injuries re­
ported in the veterinary literature available for this review. 
Some experimental work on animals and human electrocution 
cases reported in biological and medical journals has been 
extrapolated to livestock. Veterinary literature has presen­
ted characteristic gross lesions and symptoms as they appear 
to practicing veterinarians in the field, along with advice 
on handling lightning insurance claims (2, 3, 8, 24), In 
reviewing the literature circumstantial evidence, lesions, 
and symptoms reportedly caused by lightning and electricity 
will be presented in a systematic manner. When doubtful 
terminology arises it will be reported in the same words as 
the original text. 
Electric shock may produce the same lesions as lightning. 
Electrocution deaths may occur at any time in and around 
buildings and are associated with faulty wiring (1, 4, 7, 9, 
14, 21, 35, 40). Lightning fatalities, however, usually 
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occur in the summer months when the cattle are on pasture. 
Death of an animal during, or finding a carcass after, a 
rainstorm is suggestive of lightning (2, 3, 6). Discovery of 
several dead animals in proximity or a carcass in the open is 
also suggestive of lightning (6, 8, 29, 39, 41). Livestock, 
especially cattle, may be killed while seeking shelter from 
a storm under a tree (2, 6, 8, 11, 30, 41, 44), Trees con­
taining much iron or starch and windmills are prone to light­
ning strike. Electricity may disperse through the roots of 
trees struck by lightning electrifying the earth, any pools 
of water and animals near it. This has been referred to as 
negative electricity or lightning (8, 9, 31). A tree that 
has been struck by lightning may have branches knocked off or 
a streak of split bark running down the trunk. Grass may be 
scorched close to a dead animal. An animal may be found dead 
near a building or fence that has been struck by lightning, 
or the carcass may be lying near a creek bank or pond with 
dead fish also along the edges of the water (23, 30). 
If the body, head, or a leg of a carcass is malpositioned, 
it is evidence of sudden death and a lack of terminal strug­
gling. However, evidence of movement does not eliminate light­
ning as a possible cause of death since some cases may thrash 
about in death throes (6, 9, 11, 15, 39, 41). Presence of 
food in the mouth is associated with rapid death caused by 
lightning (2, 3, 6, 8, 9, 15, 23). 
It was reported that temperatures of lightning fatalities 
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remained high for several hours after death (3, 31). Putre­
faction progressed rapidly (8, 11) with bloating (9, 11, 23 
41) and exudation of bloody fluid from the nostrils (8, 9, 
44). Rigor mortis may start within 30 minutes but lasts 
only a short time (6, 8, 9, 11, 15, 30, 41, 44). 
Singeing of the hair was commonly reported with 90 per 
cent of the cases showing this lesion. Branched or straight 
streaks of raised frizzled hair extending from the back or 
poll to the foot was typical. Occasionally singeing was seen 
only on the muzzle or fetlock hairs or branched streaks ema­
nating from points of the current entrance and exit (2, 6, 8, 
9, 11, 15, 23, 30, 38, 40, 41, 44). The skin itself may be 
burned, even charred, under singed streaks with associated 
blue-black discoloration and laceration of the underlying 
tissues. At other times the hair was not singed but the area 
of burned skin had the consistency of tanned hide, or showed 
tree-like lightning figures, or the hair was loose and pulled 
away easily (2, 6, 8, 9, 11, 17, 23, 29, 30, 38, 40, 41, 42). 
Other lesions noted in subcutaneous tissue were hemorrhages 
and dark brown arboreal patterns. The latter arose from 
extravasation of blood from congested blood vessels. Hemor­
rhage ranged from scattered petechiae and focal ecchymoses 
and suffusions to diffuse suffusions extending over large areas 
of the dorsum of the dead animal (6, 8, 9, 11, 16, 29, 41, 
43). 
Somatic lesions were mostly hemorrhages and fractures in 
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horses but burns did extend through the flesh to the bone 
(40). Hemorrhages ranged from petechiae to suffusions local­
ized or scattered in the musculature with or without con­
comitant bruising of the surrounding muscle (6, 8, 11, 15, 
17, 40). The musculature was reddish-brown or dark-brown and 
could be easily torn with the fingers (8, 11, 31). Fractures 
involved the long bones most frequently and were oriented 
lengthwise. The bones were shattered in many pieces or com­
pounded. Transverse fractures were also found in the long 
bones, as well as fractures of the skull and other membranous 
flat bones. Joint ligaments and capsules were torn and joint 
cartilages were ulcerated by lightning (3, 8, 9, 17, 41). 
The heart was usually fairly empty although the right 
side contained a little blood. At times, however, both sides 
were filled. The surfaces might be petechiated and there 
were hemorrhagic infarcts in the myocardium (3, 8, 17). Sub­
cutaneous and visceral veins were engorged with dark non-
coagulated blood containing rhexed, crenated, and hemolysed 
red cells. Some vessels were burst by the lightning stroke 
causing extensive hemorrhage into the surrounding tissues (6, 
8, 9, 11, 15, 17). There could be hemorrhages on lung sur­
faces and edema of the parenchyma (40). 
Abdominal viscera were congested, notably the liver and 
spleen, while hollow organs might be exploded (6, 8, 9, 11, 
15, 29, 44). Petechiae and lightning pictures may be seen 
on the serous surfaces of the intestines (8, 40, 44). 
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The nervous system suffered most. The meninges might be 
petechiated and the parenchyma of the brain might have micro­
scopic foci of tissue destruction and hemorrhage (8, 9, 23, 42). 
Although the foregoing lesions were reported as occurring 
in lightning victims, it is recognized that at times no per­
ceptible lesions may be found (6, 8, 11, 17, 42, 44). 
Animals struck by lightning or shocked by electricity die 
outright, live but continue to display symptoms or, make a 
rapid uneventful recovery (1, 6, 8, 9, 11, 15, 23, 31, 39, 42, 
44). Damage to the nervous system seemed to be the source of 
most reported symptoms; depression, ataxia, excitability, 
hysteria, vertigo, nystagmus, blindness, and varying degrees 
of paralysis (6, 8, 9, 11, 15^ 23, 31, 42, 44). The skin 
under singed hair was reported to slough in survivors (9, 23). 
Also, discoloration of the iris in pigs, loss of hair and 
tail in calves, inappetence, retarded reflexes and rapid 
weight loss have been reported (23, 31). 
Review of Early Experimentation with Electricity 
The following review of early experimental literature in 
this section is a paraphrase and summarization of material 
appearing in the "Goulstonian Lectures" by A. J. Jex-Blake, 
M.D. (25a, 25b, 25c, 25d). The "Goulstonian Lectures" are 
an interesting and scholarly series of articles published in 
1913. 
The first experimental investigation of the effects of 
electricity on animals was done by Andrew Gordon, a Scottish 
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Benedictine Monk. His machine was capable of killing chaf­
finches. In 1746, a year after Gordon's work, Gralath killed 
beetles, worms and birds. Nollet noted that electrocuted birds 
had acchymoses similar to persons killed by lightning. About 
the middle of the eighteenth century electric experimentation 
became increasingly popular on the European continent. Ntuter-
ous investigators, whose interests were stimulated by contem­
porary advancements in electricity, conducted similar experi­
ments on lower animals for the next 20 years. The above 
studies increased knowledge about the effects of lightning and 
eliminated numerous untenable theories. Priestley, in 1767, 
killed kittens and dogs with discharges from condensors. He 
was unsuccessful in resuscitating a kitten by artificial respi­
ration through distention of the lungs by blowing into the 
trachea with a quill'. 
Bidermann, in 1768, concluded that lightning killed 
by sudden injury to the nerves of the brain, caused by the 
rapid movement of the electrical material. He believed 
that the nervous fluid was identical with or very nearly 
related to the electrical fluid. Three years later, Abild-
gaard demonstrated that shock to the central nervous sys­
tem would cause death. He also observed that chickens 
killed by electric shock remained dead if left alone; but 
if another discharge from a second Leyden jar was passed through 
the breast to the back of the bird it would resume conscious­
ness and normal activity. He also tried to electrocute a foal 
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with discharges from Leyden jars but was unsuccessful. 
Brodic (1828) came to the conclusion that lightning and 
electric shocks caused death by destroying the functions of 
the brain. He reported restoring life to guinea-pigs, appar­
ently killed by electricity, by inflating their lungs with a 
bellows. Brown-Sequard (1850) thought that animals killed by 
electric discharges died as a result of asphyxiation, caused 
by tetanic contraction of respiratory musculature. 
Some important experiments on the electrocution of animals 
by sparks from the large induction coil belonging to the Poly­
technic Institute were made in 1869 by Richardson, They led 
him to believe that death could take place in one of two ways, 
either by failure of respiration or by failure of the heart. 
In each case, death was a consequence of injury to the nervous 
centers. The heart was the last organ to be brought to rest. 
In the case of a pigeon, anaesthetized with methylene bichlor­
ide and apparently killed outright by a 6 inch spark from an 
induction coil, all four chambers of the heart continued 
beating for 75 minutes after death. In discussing the lesions 
seen at necropsy, Richardson concluded: 
Death in all cases where it is instantaneous to the 
sudden expansion of the gaseous part or atmosphere of 
the blood, combined in extreme degrees of shock with 
a sudden conversion of the animal fluid from the fluid 
to the gaseous condition, (25b) 
He found vessels of the brain distended, arteries contracted, 
and sometimes slight serous or hemorrhagic effusions beneath 
the arachnoid. 
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Until 1880 men investigating electrocution gave little 
thought to precise measurement of the electric currents they 
used. In 1884 Grange began using accurately measured voltages 
and currents, but his lack of skill at placing electrodes 
prevented him from killing guinea-pigs by direct current of 31 
and 48 volts and rats with 62 volts. He was unable to kill 
a dog with an 825 volt alternating current. In spite of these 
failures some of his experiments were successful. Taturn in 
1890 experimented with dogs and found no post-mortem lesions 
unless he used current densities many times greater than those 
needed for killing them. Weak currents produced death by 
arresting respiration. Strong currents caused an arrest of 
the heart without influencing respiration, while intermediate 
currents might produce death by either or both means. Taturn 
appeared to be the first to subscribe death by electricity as 
a result of paralysis of the heart. He concluded that death 
depends upon injury of the heart muscle rather than its nerves. 
He also showed that vagal sectioning, atropine, and curare did 
not prevent death by electricity, Tatum also found that place­
ment of electrodes in the region of the heart was more lethal 
than in other locations. 
In 1898 the Maine was sunk in Havana Harbor and the 
Spanish American War ensued. In the same year Oliver and 
Bolam published some investigations made on etherized dogs and 
rabbits with 100 volts of alternating current. They theorized 
that the deaths resulted from a cessation of the heart's beat, 
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while currents of higher voltages might paralyze both heart 
and respiration. Under no circumstances did they produce a 
primary failure of respiration. 
A profound investigation of electrocution in animals was 
published by Prévost and Battelli in the fall of 1899. The 
merit of these authors was that they varied the conditions of 
their experiments over a wide range recording both voltage and 
amperage measurements of the alternating and direct currents 
they used. They caused cardiac fibrillation with 10-15 volt 
alternating current across the chests of dogs. Also in dogs, 
240-600 volt current from the head to legs caused ventricular 
fibrillation and respiratory arrest with inevitable death. 
With 1,200 to 4,800 volts, the heart ventricles continued to 
beat vigorously although the atria were paralyzed in diastole 
and respiration ceased, Prévost and Battelli also defibril-
lated hearts with 4,800 volt transthoracic currents, 
In 1899 Cunningham applied a current of 1,6 amperes 
directly to the brain of anesthetized dogs. There followed 
a deep inspiration and cessation of respiration while current 
flowed. The heart continued to beat and the blood pressure 
rose steadily to 2 or 3 times its original value, returning 
again to normal when the current was turned off and the res­
piration started again, Houston found that 6 amperes of cur­
rent through the brain were not necessarily fatal. 
In summarizing the experimental work done before the 
Twentieth century, Jex-Blake concluded that certain impres­
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sions about deaths caused by electricity stand out. Frogs 
are exceptionally resistant to electric shock, for even though 
there is cardiac arrest while the current is flowing, the 
heart invariably started to beat as soon as the electricity 
was turned off. Dogs were highly susceptible to ventricular 
fibrillation when a current passed through the region of the 
heart. Even though the current was turned off or the expo­
sure was very brief, once the ventricles begin to fibrillate 
they continued to do so and death invariably ensued. Apes, 
horses, cats, rabbits, guinea-pigs, mice, and rats were inter­
spersed along the scale of susceptibility between frogs and 
dogs. 
Death may be caused by thoracic muscular tetanus with 
resulting respiratory failure even though the heart keeps 
beating in cases of low current values and long time exposures. 
Slightly higher current values will cause ventricular 
fibrillation with a steady drop in femoral arterial pressure 
to null values in 10 to 15 seconds. The animal continues to 
breathe but heart action remains disturbed when the flow of 
current is stopped. Primary depression of the central nerv­
ous system may cause breathing to stop, but some animals so 
afflicted can be resuscitated by artificial respiration. 
Death can also be caused by simultaneous cardiac and 
respiratory failure. Also, after a lapse of hours or days, 
death may occur as the result of injuries to tissues caused 
by the electricity. After exposiare to currents of high 
voltage (600 volts and over) marked central nervous disturb­
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ances follow. These are more pronounced in small than large 
animals because of the relative increase in current density. 
Such signs are: respiratory arrest and its resumption in an 
irregular manner, the occurrence of clonic spasms, loss of 
sensations and reflexes, prostration and slow recovery. 
Dogs receiving currents of 7 to 10 amperes forced through them 
at 1,000 to 5,000 volts, may die from central respiratory 
arrest or they may survive the shock only to succumb several 
days later from Che severe burns and tissue destruction. 
Review of Recent Experiments with 
Electricity in Animals 
In the interim between the two world wars considerable 
experimentation was done in American universities to analyze 
the effects of quantitated electric currents on the hearts 
and nervous systems of~animals. 
Fibrillation of the ventricles of the heart was widely 
recognized as a cause of death from electricity, Ferris and 
his associates (13), working from 1927 to 1935, found a rough 
correlation between the minimum current required to induce 
ventricular fibrillation and the heart and body weights of 
different species of animals. Their determinations are 
reported in Table 1, In another report 0,2-0.4 ampere 
alternating current killed calves while 0,15-0,25 ampere 
killed sheep and pigs (19), 
The importance of the pathway that the electric current 
takes through the body was also investigated by Ferris et al. 
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Table 1, Threshold 60 cycle currents causing ventricular 
fibrillation in different species of animals. 
Duration of shocks - 3 seconds. Electrodes on 
right foreleg and left hind leg 
Minimum Fibrillating 
Average Weights Current, Amperes 
No. of Body, Heart, 
Species Animals Kilograms Grams Average Range 
Guinea 
pig 10 
Rabbit 10 
Cat 10 
Dog 10 
Pig 9 
Sheep 25 
Calf 10 
0.55 1.8 
2.2 6.0 
2.9 15.0 
22 170 
79 300 
56 270* 
70 420 
0.028 0.018-0.045 
0.030 0.019-0.044 
0.029 0.019-0.039 
0.11 0.07 -0.22 
0.24 0.17 -0.27 
0.25 0.16 -0.39 
0.31 0.21 -0.47 
^Based upon average heart weight of other sheep of 
same body weights. 
With sheep as subjects, they assessed 6 routes using 3 second 
pulses of 60 cycle current with variable amperage to cause 
ventricular fibrillation. The differences between the deter­
minations for 4 of the pathways, namely, across the chest, 
chest to foreleg, head to hind leg, and foreleg to hind leg 
were not significant. When the current flowed between the 
forelegs, increased amperage was required to produce ven­
tricular fibrillation. If the pathway was between the hind 
legs, the proportion of current reaching the region of the 
heart was so small that currents up to 12 amperes, 20 amperes 
in 3 cases, produced no fibrillation of ventricles. Hooker 
(20) concluded that current pathways which traversed the 
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thorax and involved the ganglia and nerves supplying the heart 
were important in causing ventricular fibrillation. Hoff and 
Nahum (18) supported this concept when they were able to pro­
tect cats from electrically induced ventricular fibrillation 
with acetyl-B-methyl choline chloride or removal of stellate 
ganglia and adrenal glands. Injections of adrenalin caused the 
animals to be more susceptible to ventricular fibrillation. 
In sheep the minimal fibrillation threshold at 25 cycles 
was 25 per cent higher than at 60 cycles while direct current 
required 5 times the amperage. The duration of shock was 
important. Ferris had to increase current values as much as 
10 times to cause fibrillation as the duration of the shock 
was reduced from 3 seconds to 0.1 second. He believed that 
the current required to initiate fibrillation increased greatly 
as the shock duration became less than 0.03 second; and yet, 
as the current intensities became very high with 0.03 second 
shocks his sheep became more tolerant. 
Ventricular fibrillation 
Ferris and his associates related susceptibility of the 
sheep hearts to ventricular fibrillation with a partial re­
fractory phase of the normal cardiac cycle. The partial re­
fractory phase coincides with the T wave on the electrocardio­
gram. Electrical stimulations or shocks which did not include 
this period of the cycle in their duration were not as likely 
to cause fibrillation of the ventricles. Therefore, as elec-
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trie shocks became shorter in duration their chance of in­
volving the partial refractory phase and causing ventricular 
fibrillation decreased. Studies of electrocardiograms after 
shocks frequently indicated disturbances of conduction 
(atrioventricular block and bundle branch block). Premature 
heart beats, extrasystoles, and fibrillation of the atria 
also occurred. 
Milnor et al. (36) used single high-intensity high-
potential capacitor discharges transthoracically in dogs and 
produced multiple ventricular extrasystoles and atrio-ven-
tricular block, usually followed by transient ventricular 
standstill and gradual return to normal rhythm. In 9 of 
35 tests the multiple extrasystoles developed into estab­
lished ventricular fibrillation. They found that suscep­
tibility to these effects extended throughout most of the 
heart cycle and was not limited to the short partial refrac­
tory period. 
Milnor et al. believed ventricular fibrillation to be 
due to abnormal stimulation rather than to damage to the 
heart since lesions are not found in hearts of animals that 
have died or recovered from fibrillation. Ventricular 
fibrillation appeared the same on electrocardiogram regard­
less of whether it was caused by direct or alternating cur­
rent, Both atria and ventricles fibrillated as a consequence 
of electric stimulation. However, atrial fibrillation usually 
ceased with termination of current flow vrtiile ventricular 
15 
fibrillation persisted. 
Effects of electricity on the nervous system 
In 1929 Urquhart (45) reported experiments with rabbits 
and cats wherein nerve blocks of isolated nerves, spinal cord, 
and the central nervous system were produced with high cur­
rent densities of alternating current. Electrodes were placed 
on the occipital area and end of the nose and 1.200-1.85 
amperes of alternating current were applied for 2 seconds. Un­
fortunately neither voltage or tissue resistance was reported 
so it was impossible to determine the total amount of energy 
received by the animals. Most animals recovered from these 
exposures if artificial respiration was started soon enough. 
Respiration resumed within 3,5 minutes but delay of vagal 
responses and pupillary reflexes was apparent. Recovery seemed 
predicated on promptness of artificial respiration. Shock 
to the isolated spinal cord block required about 5 minutes 
for recovery and isolated nerve preparations were nonrespon-
sive for as much as 10 minutes. With exposure voltages above 
100 and currents above 12 milliamperes return of isolated 
nerves to normal function was greatly slowed or did not occur. 
In 1932 Langworthy and Kouwenhoven (28) reported using a 
surge generator experimentally on rats. Under test conditions 
the current value attained was slightly in excess of 100 
amperes at 200,000 volts. Peak current was attained in 0,25 
micro-seconds and the discharge was completed in 4,5 micro-
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seconds. The greater the amount of nervous tissue traversed 
by the current the more damage the animal suffered. Simi­
larly, with high-intensity alternating current, respiration 
was interfered with when current passed through the spinal 
cord or the vagus nerves. Direct current, however, was more 
effective at arresting respiration than alternating current. 
Lesions associated with electric experimentation 
Morrison (37) reported histopathological changes found 
in rats, guinea pigs, and cats after repeated exposure to 
electric shocks. The total energy of each shock was several 
magnitudes smaller than Urquhart used with similar electrode 
placement. 
Minute hemorrhages were seen throughout the brain with 
swelling and vacuolation of ganglion cells; neuronophagia; 
subependymal accumulations of glial cells; demyelinization in 
fiber tracts; neuronal swelling in the thalamus; fat laden 
gitter cells; pseudomucoid degeneration of oligodendroglia; 
perivascular glia cell accumulations; regressive changes of 
the ependyma; chorditis; perivascular malacia; thickening 
and hemorrhage in the pia mater; and ischemic changes in the 
ganglion cells characterized by pyknosis, light staining, 
hyperchromatic eccentric nuclei, and chromatolytic and some­
times vacuolar cytoplasm. Morrison believed that heat was 
not an important factor in lesion production in his experi­
ments , 
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Langworthy (28) disagreed with Morrison that heat was 
not an important factor in lesion production. In 1932 he 
published an article describing lesions produced in rats with 
500-1000 volt alternating current passed from head to tail. 
To Langworthy the Purkinje cells seemed most affected with a 
few abnormal cells dispersed among many that appeared to be 
normal. There were injured cells in the dorsal nucleus of 
the vagus, among the somatic cells of the cord, and in the 
olives. Dead cell nuclei were shrunken and stained an in­
tense blue so that chromatin skeins and nucleoli could not be 
distinguished. Injured cells had swollen nucleoli and the 
nucleus was shrunken and stained darkly. In many cases the 
Nissl granules were greatly decreased in number and the out­
lines of the cells shrunken and irregular. In surviving rats 
the cytoplasm of the cells became shrunken and stained 
deeply within a few hours after injury, Histopathological 
evidence of cell damage was more marked in rats that did not 
respond to artificial respiration after being shocked. 
The characteristic neurological symptoms produced by 
direct current were convulsions, temporary paralysis, and 
priapism. All these were attributed to irritation or tempo­
rary block in the nervous structures. 
Langworthy also reported histopathological changes in 
the lungs. Small blood vessels appeared to have ruptured 
into alveoli or bronchi. In a number of cases he found 
pulmonary edema followed the shock. 
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Rats that survived Langworthy's experimental shocks for 
2 or 3 days had blood and hyalin casts in the renal tubules. 
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MATERIALS AND METHODS 
This section is divided into separate categories labeled 
Parts I, II, and III. Part I presents the approach used to 
investigate known lightning fatalities in livestock in 
Iowa. Part II is concerned with the equipment and methods 
used in subjecting sheep to experimental discharges of 
simulated lightning. Part III describes the materials and 
techniques used to expose tissue culture cells to high 
intensity electric discharges. 
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PART I. FIELD SURVEY 
A field study of large animals reported to have been 
killed or injured by lightning or electricity was conducted 
from July 1, 1962 until August 16, 1965. Suspected lightning 
injuries and fatalities were referred to the Department of 
Veterinary Pathology of Iowa State University by insurance 
agents and veterinarians in Iowa. 
When the department received word of possible lightning 
or electrocution loss, specific information was obtained in 
order to judge the suitability of the material; owner's 
name and address, insurance company and its address, the 
veterinarian on the case and his address, the person placing 
the call, number of animals involved, species, breed, age, 
sex, color, time of death or injury, location of animal or 
carcass, specific position of carcass, condition or state of 
health at time of death, and history of circumstances about 
the case. In most instances only the most likely cases of 
lightning death were examined. Selection was based on the 
number killed, the posture and location of the carcass, 
evidence of lightning damage to surroundings, and witness or 
specific knowledge of the accident. Occasional cases were 
accepted for examination which were thought not to involve 
electricity in order to learn which disease conditions were 
being mistaken for lightning, to evaluate diagnostic concepts 
gained during the course of the project, and in claims where 
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there was a dispute between an insurance company, an insured, 
and a veterinarian. Detailed investigations were made on 78 
field trips. 
Upon notification of a lightning suspect death every 
effort was made to reach the site as quickly as possible so 
that the carcass could be assessed with minimal post-mortem 
autolysis. This time varied from 2 hours to 24 hours or more 
with the majority of the cases being examined some 8 to 12 
hours after death. 
In all cases subjects were examined on the farm and usu­
ally at the scene of the accident. All animals involved in 
the accident, the history and circumstances of the case, the 
victim's environment were evaluated and recorded, and as many 
necropsies were performed as time permitted. All information 
and necropsy findings were recorded on a devised form, A 
similar form was used for injury cases. The significance 
of post-mortem autolysis being superimposed upon antemortem 
lesions of lightning was realized, but not fully appreciated 
at the inauguration of this research project. Therefore, a 
perspective of the spectrum of post-mortem tissue changes 
wrought by time and other factors in carcasses was evaluated 
in regard to their effect on the interpretation of antemortem 
lesions of lightning. It was recognized that most veteri­
narians will perform the necropsies some 6 to 12 hours after 
death. 
Tissue samples were taken from most of the carcasses and 
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were fixed in 10 per cent formalin for later histopathologic 
examination. 
Injured animals were given a thorough clinical examin­
ation and in most cases were left on the farm under the 
observation of the owner. Although no medication was pre­
scribed for injured animals, telephone calls were regularly 
made to the owner to ascertain their progress. 
Two injured steers were brought to Ames for observation. 
One was killed and necropsied, 2 days after arriving in Ames, 
5 days after being injured. The other animal was killed 56 
days after injury. Post-mortem observations were recorded 
and tissue specimens from both animals were saved for histo­
pathologic examination. 
Two injured pigs were brought to the Department of 
Veterinary Pathology for observation. They were 4 month old 
animals that were with 6 other pigs that died when lightning 
struck the small building in which they were housed. The 
pigs were sacrificed and necropsied 9 and 32 days after the 
accident. Gross observations were recorded and tissue spec­
imens were saved for histopathologic evaluation, 
A brief summary of the number of cattle, hogs, horses, 
and sheep studied in the lightning research project is pre­
sented in Table 2. 
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Table 2, Number of cattle, hogs, horses, and sheep in 
field survey 
Animal Number 
Cattle 
Animals in feedlots 
Killed by lightning, necropsied 8 
Death by other causes 15 
Animals on pasture 
Killed by lightning, necropsied 44 
Killed by lightning, examined, but not 
necropsied 39 
Injured by lightning 8 
Death by other causes 13 
Injured by other causes 12 
Animals in buildings 
Killed by lightning, necropsied 3 
Killed by lightning, examined, but not 
necropsied 2 
Death by other causes 3 
Total cattle 
Killed by lightning, necropsied 55 
Killed by lightning, examined, but not 
necropsied 41 
Injured by lightning 8 
Hogs 
Horses 
Killed by lightning, necropsied 4 
Killed by lightning, examined, but not 
necropsied 2 
Injured by lightning 2 
Killed by other causes 4 
Killed by lightning, necropsied 2 
Injury by other causes 5 
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Table 2. (Continued) 
Animal Number 
Sheep 
Killed by lightning 2 
Death by other causes 96 
Total number of animals examined 264 
Total number of animals killed by lightning 106 
Total number of detailed necropsies of animals 
killed by lightning 63 
Total number of animals injured by lightning 10 
Total number of animals injured by other causes 17 
Total number of deaths of animals by other causes 131 
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FART 11. SIMULATED LIGHTNING EXPERIMENTS 
The second part of the Lightning Research Project con­
sisted of a series of experiments designed tô study the effects 
on sheep shocked with discharges from a surge generator. An 
attempt was made to evaluate the body responses to lightning­
like discharges and to reproduce under controlled conditions â-
the lesions identified as characteristic of lightning in the 
field survey portion of this study, 
A moveable crate confined the animal during the surge 
generator discharge. This discharge was variable in potential 
and intensity, but not in wave form. 
The capacitor banks, when joined in parallel to provide 
a capacitance of 2 microfarad and charged to 50 kilovolts, 
were capable of a 2,500 joule discharge. Engineers of Line 
Material Industries estimated that the spark gap would expend 
one-half of this energy. Theoretically the peak current of 
the capacitors was 150,000 amperes. Characterization of a 
few discharges was obtained with the cooperation of Dr. 
Robert Post of the Electrical Engineering Department and Dr. 
Neal Gholvin of the Biomedical Engineering Program, The 
characteristic measurements were made without an animal load. 
The discharge traversed a 6 inch gap containing tap water wet 
paper towels that served as the experimental specimen. Under 
these conditions there was a peak current of lOOO amperes, 
a frequency of 40 kilocycles per second, an average of 5 to 
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6 oscillations per discharge and a field intensity of 5 x 
10"^ webers per square meter. Without doubt much of the in­
tensity of the discharge was spent in the large spark. The 
exact characteristics of a discharge during an experiment were 
never successfully defined though 6 trials were made during 
experiment number 13, 
The surge generator was arranged so that the entire cir­
cuit loop, including the restraint crate and specimen, was in 
a single plane. Figure 1 illustrates this arrangement of the 
shocking apparatus. A wiring diagram of the surge generator 
and its components is depicted in Figure 2. 
The power supply^ charged the capacitors by converting 
line current to direct current, variable in potential from 0-
50 kilovolts with peak current of 5 milliamperes. A wooden 
stand, which also served as a control panel, supported the 
power supply 4.5 feet above the floor. 
The two capacitors^, which were individually rated at 1 
microfarad and 50 kilovolts direct current, were charged by 
the power supply. These heavy units were isolated from the 
floor by a low wooden stand. A no-load disconnect switch with 
capacitor connections^ made it possible to couple both capac­
itors into the circuit in parallel. 
^Peschel Instruments Incorporated, model no. 550Y. 
^Line Material Industries, 60C180C1. 
^Line Material Industries, M64CE8X13. 
Figure 1, Equipment arrangement; surge generator for 
lightning simulation. 
A. Power supply 
B. Remote switches for activation of spark-gap solenoid 
and shorting solenoid 
C. Capacitors - 50 KV, 1 microfarad each 
D. Spark gap for discharging capacitors 
E. Lead to positive electrode 
F. Positive electrode 
G. Negative electrode 
H. Crate for restraining subject 
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Figure 2. Wiring diagram for surge generator used to simulate lightning. 
A, Plug and cord, 3 conductor 
B. Contacts, part of F 
G. Switch 
D. Pilot light 
E. Variable transformer 
F. Circuit breaker, 3 ampere 
G. Transformer 
H* Diodes 
I, Capacitors, .02 microfarad, 35 kilovolt direct current 
J. Solenoid 
K. Resistor, fixed, 2.5 megaohm 
L. Resistor, fixed, 500 megaohm 
M. Resistor, fixed, 0.1 megaohm 
N. Meter, 100 microampere, scaled 0-60 kilovolt direct current 
0. Resistor, fixed, 1.7 kilohm, 0.5 watt 
P. Neon lamp 
Q. Resistor, fixed, 10 kilohm, 2 watt 
R. Meter, 500 microampere 
S. Coaxial cable 
T. No-load disconnect switch 
U, Capacitors, 50 kilovolt direct current, 1 microfarad 
V. Remotely operated spark gap for discharging 
W. Specimen contact 
X. Specimen ground 
Y. Solenoid for activating V 
Z. Switch for activating Y 
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The three-electrode remotely operated spark gap& was 
mounted on a wooden shelf directly above the capacitors. 
When the solenoid of the spark gap was activated by the oper­
ator engaging a toggle switch, a small brass tube was quickly 
moved between two 11/4 inch brass spheres. One sphere was 
connected to the capacitors, the other to the specimen. When 
the small brass tube moved between the spheres, a spark was 
initiated which completed the circuit and discharged the 
capacitors through the specimen. It was important that the 
distance between the two spheres be kept as small as possible, 
since considerable energy was expended in the spark. When 
the spheres were too close together or the humidity of the 
room too high, a spark would jump spontaneously and discharge 
the capacitors. Optimum spacing between the spheres was 
2 inches. 
The positive electrode which contacted the animal was 
11/4 inch brass sphere attached to a brass rod 1/2 inch in 
diameter and 10 inches long. The rod was clamped to 3 feet of 
0000 Romax cable, and the cable to a piece of 1/2 inch heavy 
copper tubing 7 1/2. feet long. This arrangement afforded 
horizontal electrode positioning. Wooden supports for the 
copper tubing were suspended from the ceiling. Each end of 
the tubing was held in tubular ceramic insulators. The insu­
lators were fastened to ceiling-mounted supports for vertical 
positioning, 
^Line Material Industries, M64CE8X12 
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The wooden restraint crate was mounted on dollies with 
a stanchion at one end and removable side slats. During the 
early experiments, the crate floor was covered with an alumi­
num sheet which served as the ground electrode. The sheet 
was replaced later with a 2 x 12 x 14 inch flat stainless 
steel pan. When the aluminum plate served as the ground 
electrode during an experiment, it was kept moist with tap 
water and excreta. The pan, however, contained an electrolyte 
solution made of tap water, FegO^, NaCl, mud, and manure. 
This mixture was thought to enhance transmission of the 
electricity, but subsequent findings did not support this 
contention. The ground electrode was connected to the neg­
ative terminals of the capacitors with 0000 Romax cable. 
All wiring of the surge generator, except the power 
supply, was 0000 Romax cable. 
When the surge generator was not in use, precautionary 
procedures were followed to prevent accidental electrocution. 
These measures consisted of disconnecting all line attach­
ments and grounding the capacitors. During charging and fir­
ing of the surge generator, the operator was isolated from 
the concrete floor by four thicknesses of lineman's apron 
and a low wooden stand. Each rubber lineman's apron was 
rated to withstand 20 kilovolt potentials. Further protection 
of the operator was provided by lineman's gauntlets rated 
at 9 kilovolts. The operator's ears were protected from the 
blast effect and loud noise that accompanied the discharge by 
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a set of military surplus jet airplane mechanic's ear covers, 
A 4 foot "switch stick" was available for emergency position­
ing of electrode or leads, capacitor switching, manual dis­
charge of the capacitors, and precautionary shorting of dis­
charged capacitors prior to working on any component of the 
system. 
The discharge unit was installed in an isolation unit at 
the Iowa Veterinary Medical Research Institute, In this small 
room all structural steel, steam pipes, and radiators were 
grounded to an 8 foot long copper coated ground rod sunk into 
the earth beneath the room. The same ground rod was also 
used for the negative pole of the capacitors and the electronic 
recording equipment, 
A 3 channel electronic pen recorder^ was used to record 
carotid arterial pressure, electrocardiograms and respiratory 
movements in experimental sheep. In all cases the unit was 
actively recording throughout the charging and discharge of 
the surge generator. To protect it from damage by overwhelm­
ing influx of electromagnetic signal the recorder was sit­
uated in the plane of the circuitry of the discharge unit. 
For additional protection a 5/16 inch steel plate, 5 feet 
long by 4 feet high was placed between the recorder and surge 
circuit (Figure 3), 
Arterial blood pressure was sensed by a Bourdon type 
& M Instrument Company, Physiograph, 
f 
Figure 3, Equipment arrangement: recording, 
A. Steel plate 5/16 inch thick placed between 
the electronic recorder and the surge generator 
circuit 
B. Impedance pneumograph and EKG preamplifiers 
C. Bourdon type pressure transducer 
D. EKG-pneumograph lead 
E. Extension of circuit to positive electrode 
Figure 4. Electrode assembly; electrocardiogram-
pneumogram. 
A, Safety pin electrode 
B. Heavily insulated wire 
G, 10-watt, 1000 ohm carbon resistor 
D, Polyethylene funnel for deflecting sparks 
E, Remains of carbon resistor destroyed by 
discharge surge 
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transducer. To protect this gauge from electricity flowing 
through the pressure transmission tube during a discharge, 
mineral oil was substituted for the normal anticoagulant 
solution in the lumen of the tube. The pressure calibration 
unit was mounted on the stanchion of the crate next to the 
sheep's head. The Bourdon transducer was situated behind and 
to the right of the sheep 6 feet away from the recorder. 
Cardiac electric activity and thoracic movements were 
recorded through one set of leads. A hook-up between the 
impedance pneumograph unit® and the electrocardiogram pre­
amplifier^ made this possible by splitting the incoming signal. 
Both of these units were placed on top of the recorder. Ar­
rangement of the recording equipment is shown in Figure 3. 
The recorder lead was 13 feet long with banana plug 
connectors. The electrode assembly was specially designed 
to avoid arcing between sheep and lead during discharges. 
Figure 4 demonstrates the electrode assembly with one assembly 
destroyed by a surge of electricity during an experiment. 
Each electrode assembly was constructed with a safety 
pin as contact point. Soldered to the safety pin was 7 inches 
of automotive spark plug lead wire. The wire in turn was 
soldered to a 10 watt one-kilohm carbon resistor and the 
other end was soldered to the lead wire. A further precaution 
against electric arcing was the incorporation of a 3 inch 
& M Instrument Company, Impedance pneumograph. 
& N Instrument Company, EKG preamplifier. 
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polyethylene funnel as part of electrode assembly. The car­
bon resistor was cemented in the lumen of funnel spout and 
its end was pointed toward a safety pin. A characteristic 
of the safety pin electrode was its tendency to move within 
its site of attachment to the sheep causing disturbances in 
electric signals. 
Two devices were incorporated into the circuitry of the 
recording equipment at different times. These devices were 
intended to protect the recorder from serious electric damage 
and facilitate recordings after the animal had been shocked. 
One of the devices was designed by Dr. Robert Post of the 
Electrical Engineering Department. The wiring diagram of 
this unit is shown in Figure 5. It was intended that the 
device would allow continous pneumogram and electrocardio­
gram to be made before and immediately after the discharge 
with only a momentary interruption during the discharge. 
Theoretically the unit was to permit only signals of low 
intensity and potential to reach the recorder. The device 
consisted of a series of silicon diodes arranged so that 
excessive currents would not flow from one lead wire to 
another or from a lead to ground. As can be seen from the 
wiring diagram, the unit did not offer any resistance to the 
flow of electricity from the animal to the recorder. This 
error in design resulted in severe damage to the recorder 
on several occasions. 
In order to avoid delays because of inoperable equipment 
Figure 5. Post-designed shunt. All diodes are 3 amperes, 
50 peak inverse voltage. 
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the second device was constructed. According to the wiring 
diagram seen in Figure 6, this unit functioned by substituting 
a resistance to the recorder's signals similar to the sheep. 
The recorder was switched to this unit and remained on stand­
by until immediately after the discharge, then it was switched 
back to the sheep. This unit did not provide an impedance 
similar to the animal body and as a consequence it was im­
possible to get immediate activation of the recorder. During 
the period of charging and discharging the surge generator, 
the lead coming from the sheep was disconnected from the pro­
tective device affording complete protection of the recorder. 
Both units had lag times of 7 to 10 seconds between the 
discharge and initiation of tracing. An important advantage 
of the Post unit was that tracings of cardiac and respiratory 
activity were transcribed up to the instant of discharge. 
Initial experiments were conducted on 6 old ewes suffer­
ing from a variety of maladies from broken legs to chronic 
mastitis. Later, as finesse was developed in manipulating the 
surge generator, 12 more sheep were purchased. In the latter 
group of animals there were 10 aged ewes, a yearling wether, 
and a yearling ewe. These animals were all husbanded on farms 
in the vicinity of Ames and were maintained on restricted 
intake alfalfa rations. Feed was provided only in the evening. 
Some animals were shorn the day of the experiment but most 
were shorn in advance. 
From September 27, 1964 until April 20, 1965 thirty-one 
Figure 6, Resistance load for recorder, 
A. 330-ohm resistors 
B, 2-pole, 2-position switch 
G, 1-pole, double-throw switch 
D. 1-pole, double-throw switch 
E. 5,000-ohm potentiometer 
F. 5,600-ohm resistor 
G. 10,000-ohm resistor 
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experiments were conducted on mature sheep to observe, record 
and evaluate the effects of lightning-like discharges on large 
animals and attempt to produce similar lesions noted in large 
animals killed by lightning. The first 13 experiments were 
concerned with developing the technique of firing the surge 
generator and with defining the limits and effects of the 
machine on sheep. Six decrepit ewes were used. Scrutiny or 
critical observation of the animal was maintained throughout 
each experiment and the results transcribed. 
The last 18 experiments were conducted on healthy sheep 
of various ages. In addition to physical examination of the 
sheep immediately after being shocked, recordings of blood 
pressure, cardiac electrical activity, and transthoracic 
electrical impedance fluctuations were made or attempted with 
the recorder. The experimental routine with its variations, 
described below, is typical of procedure followed in this 
series. 
An animal to be used for an experiment was caught at 
random on the morning of the experiment, its feet were bound, 
and it was hauled in the trunk of an automobile to the 
laboratory. At times 2 animals were used on one day. 
If the animal had fleece longer than 1/2 inch, it was 
sheared in the laboratory. The sheep was placed in the 
restraining crate and the right carotid artery cannulated 
under local anesthesia. Calibration of the arterial blood 
pressure was followed by attachment of recording electrodes. 
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One of the safety pin recording electrodes was fastened into 
the bare skin of the posterior axilla on the right side. The 
other electrode was placed in the middle of the thorax just 
behind the left shoulder. For illustrations of the prepared 
animal see Figures 7 and 8. Following preparation of the 
animal and adjustment of recording equipment, the positive 
discharge electrode was put in place and the surge generator 
made ready for charging. 
Before the capacitors were charged, one last look was 
given to the recording equipment. If the recorder was to be 
disconnected from the electrodes and switched to the resistance 
load, it was done at this time. Blood pressure tracings were 
taken throughout the experiments. One final inspection of all 
electrical connections was made before observers left the 
cubicle to await the discharge outside the building, A policy 
of having an observer at each discharge was adopted to sal­
vage the operator in case of an accident. References in the 
following description are to the circuit diagram, Figure 2, 
To charge the capacitors, article U, the line switch, article 
B, and the shorting solenoid switch, article C, were closed, 
A variable transformer, article E, was slowly advanced, keeping 
the current level beneath 5 ma, on the ammeter, article R, 
until the desired potential was indicated in the kilovolt-
meter, article N, 
When the capacitors were fully charged, the circuits 
were examined and the recorder was checked to see that it was 
Figure 7. Specimen preparation: anterior view. 
A. Right carotid cannula 
Arterial pressure gauge 
Bg. Reservoir of anticoagulant 
C. Flexible tube connecting carotid blood 
and pressure transducer 
D. Negative electrode 
E. Positive electrode 
F. EKG-pneumogram electrode assembly 
Figure 8, Specimen preparation: posterior view 
A, Bourdon type pressure transducer 
B, Flexible tube connecting carotid blood 
and pressure transducer 
C, EKG-pneumogram leads 
D, Negative electrode 
E, Positive electrode 
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still recording blood pressure, heart and respiratory activity, 
and if the Post designed shunt was being used. If all things 
were correct, the surge generator was discharged through the 
specimen. To discharge the unit the variable transformer, 
article E, was turned back to zero scale, the shorting solenoid 
switch, article G, was opened to prevent uncontrolled dis­
charges into the power supply tank. The switch, article Z, for 
activating the spark gap, article V, was depressed and the dis­
charge was initiated. Immediately after firing the machine 
the line-power switch was opened, the necessary circuit ad­
justments were made for the recorder, and a physical examina­
tion of the specimen was undertaken, 
A physical examination was conducted routinely on all 
cases, 11_included auscultation and/or palpation of the heart, 
evaluation of respiration, corneal reflex, reflex of degluti­
tion, mental awareness, and post-shock behavior. 
Recordings were not attempted during the first 13 experi­
ments, After the Post designed shunt device became available, 
it was considered relatively safe to expose the recorder to 
possible damage by vagrant electric currents stemming from 
the discharge. Even then, confidence was ill advised, as in­
dicated in the section of results. Repeated failures proved 
that the shunt did not function as intended even at the ter­
mination of the experiments. 
When all evidence of life had ceased, the carcass was 
removed from the crate and, with the exceptions of the docu-
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merited cases that follow, was transported to the post­
mortem room for a complete necropsy. 
Seven sheep were disposed of in different ways. The 
methods of handling them are recorded in Table 3. 
Table 3. Post-mortem carcass disposition of 7 experimental 
sheep 
Experi- Animal 
ment no. no. Disposition 
20 J Carcass left lying on floor of cubicle 21 
hours before necropsy. Temperature of room 
650-700. 
21 K Carcass lay on post-mortem room floor 17 
hours at 75o before necropsy. 
22 L Left prescapular, prefemoral, and sublingual 
lymph nodes removed 15 minutes after death. 
Carcass lay on right side on post-mortem room 
floor at 70O for 10 hours before necropsy. 
23 M Left prescapular, prefemoral, and sublingual 
lymph nodes removed 15 minutes after death. 
Carcass lay on left side on post-mortem room 
floor at 70 for 13 hours before necropsy. 
25 N Right prefemoral, prescapular, and sublingual 
lymph nodes removed 15 minutes after death. 
Carcass lay on right side on post-mortem room 
floor at 70O for 13 hours before necropsy. 
26 _ 0 Necropsy was postponed 6 hours and carcass held 
at 70O. The brain was inadvertently placed in 
tap water for 14 hours. 
30 P Necropsy was postponed 7 hours and carcass 
held at 70°, 
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In more than 50 per cent of the experiments the sheep 
survived the discharge; 18 sheep being killed by 36 discharges. 
In the event an animal survived, it was given a 15-30 minute 
rest and exposed again. Animal B survived experiments 2, 3, 
4, 5 and 6 and was returned to the fold for observation for 
possible post-shock sequelae. Animal F survived 6 exposures 
of experiment 13 and also was observed for sequelae as was 
animal E which survived experiment 10, 
Table 4 denotes the methods of obtaining the data used 
in all of the experiments. 
Table 4. Techniques for accumulating data on sheep exposed 
to lightning-like electric discharge 
Exp. Visual Blood 
No, Observation Palpation Auscultation Pressure EKG Recorder 
1 + + 
2 + + 
3 + + 
4 + 
5 + 
6 + + 
7 + 
8 + + 
9 + + + 
10 + + + 
11 + + 
12 + + 
13 + + + 
14 + + + 
15 + + + 
+ = successful attempt. 
A blank space represents no attempt. 
F = attempt made but unsuccessful. 
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Table 4. (Continued) 
Exp, Visual Blood 
No, Observation Palpation Auscultation Pressure EKG Recorder 
16 + F F 
17 + + 
18 + + + F F 
19 + 
20 + + + + F 
21 + + + + + t 
22 + + + + F F 
23 + + F + + 
24 + + + + + + 
25 + + + + 
26 + + + + + 
27 + + + + + 
28 + + + + + 
29 + + + F F F 
30 + + 
31 + + 
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PART III. EFFECTS OF ELECTRICITY ON 
TISSUE CULTURE CELLS 
The objective of this research was to experimentally 
subject living cells to electric discharges of greater in­
tensity than body cells would be expected to endure under 
any conditions. This information would hopefully provide an 
answer to the effects of electricity on cells. If culture 
cells were killed, one would suspect that lightning discharges 
might also kill cells of body tissues that were in the current 
pathway. If the cells were not killed, one could infer that 
electricity flowing through the body does not produce lethal 
effects to the organism by killing its cells. 
In doing these experiments the following technical con­
siderations had to be fulfilled. 
The cell culture preparation to be shocked had to be 
similar to tissue in allowing current to flow uniformly around 
the cells. This could not be done with standard tissue cul­
ture techniques such as monolayer or single cell preparations. 
The electrodes had to be montoxic to cells and easily steri­
lized . 
The most severe electric shock a body tissue would be 
expected to encounter was arbitrarily established as follows: 
100 kilovolts potential, 10 joules of energy, and .002 second 
duration. Assuming uniform current distribution and voltage 
3 drop through the above subject, a 1/2 cm volume would receive 
.002 joules at a 600 volt potential. 
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In keeping with the technical considerations, the follow­
ing materials were fabricated or adapted to this research. 
Illustrations and wiring diagrams referred to in this section 
may be found in Figures 9 through 12, 
One-half ml second passage bovine testicle cells, sus­
pended in Hank's balanced salt solution with fetal calf serum 
added, were shocked and plated in 60 ml disposable plastic 
petri dishes. 
The cell suspension was shocked in a chamber formed by 
a glass cylinder sealed atop the positive electrode. The 
negative electrode was positioned on the surface of the sus­
pension to be shocked. Figure 9 illustrates the arrangement 
of the surge generator used for shocking tissue culture cells. 
Figure 12 is the wiring diagram of the apparatus. 
The positive electrode, or anode, article A in Figure 10, 
was made of block graphite with the top surface milled smooth 
and polished. The electrode was 1 cm thick, 3 cm wide, and 
8 cm long with a 3 mm brass stovebolt in one corner. The bolt 
extended through the block from the bottom and out the top so 
that 1% cm of the threaded end was free to serve as a terminal. 
The glass cylinder of the exposure chamber, Figure 10 
article B, was made of pyrex tubing with 0,8 cm inside diam­
eter and 1 cm thick wall. It was 2,5 cm long and the ends 
were perpendicular to the wall, smoothly ground, and polished. 
The cylinder was sealed to the positive electrode by a ring 
of vacuum grease around the end that rested on the electrode 
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surface. 
The cathode, article C in Figure 10, was a round coin-
silver disc 0.75 cm in diameter and 0.1 cm thick. The dise 
was soldered to the lead wire, which was made of 14 gauge 
copper wire and had the other end bent into a loop, to form 
a terminal. There was a 90° bend approximately 5 cm from the 
cathode end of the lead wire. Midway between the bend and 
the terminal loop, the key block, article D in Figure 10, was 
centered and firmly stapled to the lead wire. The key block 
fit into the scope slot of the manipulator. 
When the exposure chamber was fully assembled with 1/2 
cc of cell suspension in the cylinder and the cathode resting 
on the surface of the suspension, the 2 electrodes were paral­
lel with each other and 1 cm apart. 
A manipulator was used to position the cathode on the 
surface of the suspension in the cylinder. A Bausch and 
lomb dissecting scope stand was adapted to this purpose. The 
positive electrode was attached in the microscope slot of the 
stand. In this location the electrode could be moved and 
positioned accurately in any direction. 
The electric charge for shocking the cell suspension 
was stored in a bank of four 5 microfarad, 600 volt, electro­
lyte capacitors wired in parallel. 
The power source for charging the capacitors was a stand­
ard direct current unit delivering 15 milliamperes of current 
to a potential of 600 volts. 
Figure 9, Equipment arrangement: surge generator 
for Rocking tissue culture cells. 
A. Anode 
B. Exposure chamber 
C. Cathode 
D. Manipulator 
E. Capacitor bank 
F. Switches for connecting capacitors 
G. Spark gap discharge switch 
H. 600-volt power supply for charging capacitors 
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Figure 10. Exposure chamber and electrodes, 
A. Anode 
B. Exposure chamber 
G. Cathode 
D, Block for fitting to manipulator 
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Figure 11. Spark gap. 
A. Terminals 
B. Copper tubing circuit switch 
C. Firing pin 
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Figure 12, Wiring diagram of exposure device, 
A, Four 600-volt, 5-microfarad capacitors 
B. Power supply, 600 volts 
G, Switch 
D, Spark gap switch 
E, Exposure chamber 
F, Switches for connecting capacitors 
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The switch for discharging the capacitors, article G in 
Figures 9 and 11, was made with 2 brass drawer pulls as ter­
minals. The rounded knobs of the pulls were positioned 1 cm 
apart and opposite each other. A 1 cm long piece of copper 
tubing, attached to the end of a wooden lever, dropped between 
the terminals to complete the circuit. A pin, article C in 
Figure 11, held the lever in ready position above the ter­
minals during charging. To fire the device the pin was 
simply removed and the lever allowed to fall. 
All wiring between electrodes, capacitors and power 
supply was of 18 gauge copper wire. The anode was connected 
directly with the capacitors but the switch was placed in 
the line between the cathode and capacitors. 
The discharge was a square-wave pulse of 600 volts 
potential and two joules of energy delivered in 3 milli­
seconds. This discharge was considered to be more severe, 
by a thousand fold, than anything body tissue cells would 
encounter, and thus constituted an upper limit for studying 
electricity's effects on body cells. 
Monolayers of bovine testicle cells were harvested with 
trypsin and diluted in Hank's balanced salt solution with 
fetal calf serum to a concentration of 150 million cells per 
ml. One-half of a ml of this suspension was placed in the 
exposure chamber and the cathode lowered onto its surface. 
Twice in succession the capacitors were charged and fired 
through the cell suspension. Three-tenths ml of the shocked 
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cell suspension was removed and diluted to a concentration 
of 10,000 cells per ml. Seven petri dishes containing 5 ml 
of Hank's balanced salt solution and serum were inoculated 
with 0.1 ml shocked cell suspension and incubated for one 
week. To establish controls the entire procedure was repeated 
with the exclusion of the electric exposure. At the end of 
the incubation period the plates were washed, fixed in for­
malin, and stained with Giemsa's stain. All clones with 
more than 4 cells were counted. 
The entire experiment was repeated 2 weeks after the 
initial one. 
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RESULTS 
This section is composed of three main subjects. 
Part I presents the pathologic findings of field investi­
gations of lightning injuries and deaths. Part II is 
concerned with pathologic findings in and physiologic 
responses of sheep exposed to lightning simulating dis­
charges, Part III gives the results of experiments with 
electric discharges on tissue culture cells. In each 
section, discussion is incorporated as significant points 
arise. 
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PART I. FIELD INVESTIGATION OF LIGHTNING FATALITIES 
Eyewitness Accounts of Cattle Killed by Lightning 
Three livestockmen related the following observations 
concerning the throes of death after an animal had been struck 
by lightning. It was characteristic of all these accounts 
that the observers saw the animals move after being knocked 
down. In the first case, 2 men were standing in a feed wagon 
when 2 steers 20 yards away were struck by lightning. This 
occurred in mid-August, and the author also observed this 
storm. 
The discharge was low in energy, judging from the extent 
of singeing and lack of other surface damage, the fairly low 
noise level, and single, unbranched, low-radiation discharges 
that were accompanying the storm. One animal that was quite 
severely burned dropped on its sternum, swung its head from 
side to side three or four times, and lay still. The other 
animal was not singed at all and probably was not directly 
struck. It fell on its side close to the other animal, rolled 
over on its back twice, slammed its head on the ground a few 
times, and thrashed about in general for some 5 minutes before 
lying still. 
In another case, 2 men were walking some 200 yards away 
from a group of cattle when they heard a tremendous report and 
turned to see 7 head of cattle knocked down in a line about 
7 yards apart. The animal in the middle lay without moving 
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near a hole that had been blasted in the earth by the dis­
charge. The 2 animals nearest to it were still, but the 
next outlying pair, about 50 feet away from the grounding 
point, struggled for a few moments before becoming still. 
The 2 remaining animals were about 70 feet from the point 
of grounding, and they survived. 
A milk cow was observed by a farmer's son as he drove 
the herd home from pasture. The boy, who was following the 
main herd, had run back to chase a straggler when he heard 
the report of the discharge and turned to see a cow he had 
been following lying on her side trying to roll up on her 
sternum. He noticed that she struggled for a few moments 
before lying still. Other animals 20 yards away were not 
killed. It was assumed that this animal had been killed by 
a moderate discharge. 
Circumstantial Evidence of Lightning Fatalities 
Animals killed by lightning dropped straight down with 
legs folded under them in unusual positions, or they fell on 
their sides. Some lunged forward, frequently trapping the 
head under them as they fell. There appeared to be no corre­
lation between direction of fall and the point where the dis­
charge grounded. Some 70 per cent of the deaths were near 
trees or buildings that had been struck. Figure 13 shows a 
small herd of cattle killed under a tree. 
Lightning damage to surroundings was found in 46 per cent 
Figure 13. Cattle killed by lightning. 
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of the cases and consisted of splitting of boards in build­
ings, chipping and peeling strips of bark from trees, and the 
formation of circumscribed areas on the ground about 2 feet 
in diameter. The plants in these circumscribed areas had a 
grayish-green color with the tips and edges of the leaves 
curled or rolled inward. Dead brown or charred plant mater­
ial as is frequently found in small areas in any pasture was 
never associated with areas of lightning grounding. In one 
case, the lightning made a hole 6 inches in diameter and 1% 
feet deep in loose, black earth. There was no evidence of 
burning or fusing of silicon associated with the hole. 
Considering singe marks on carcasses and damage to sur­
roundings, some signs of lightning activity were found in 
90 per cent of the cases. 
Gross Lesions of Cattle Killed by Lightning 
Significant gross abnormalities found in 50 cattle killed 
by lightning are described below. 
Integument 
In 48 per cent of the field studies, one or more animals 
would have singed hair (Figures 14 and 15). Careful exam­
ination of singes revealed that the character of individual 
hairs was different between singed animals, depending some­
what upon the pattern of the burn. Linear streaks were most 
commonly encountered. Occasionally they could be found ex­
tending from somewhere on top of the animal down the side to 
a leg and on to the ground. Singeing was most frequently 
Figure 14. Singe marks. Linear singes on skin of chest 
and front leg of steer killed by lightning. 
Figure 15, Close-up of singe mark. Notice separation of 
hair coat with charring and distortion of hair 
shafts. Histopathologic sections of singes 
are seen in Figures 27-32. 
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found as fine linear streaks coursing from the axilla or 
inguinal region to the ground. 
Linear singes were 1/4 to 3/4 inches in width with about 
one half of the distal hair shaft being involved in a narrow 
streak as compared with the entire hair shaft being kinked 
and charred in the more severe burns. Diffuse singeing of 
the tips of guard hairs involving large areas of the animal 
were seen, usually in combination with wide, deep, linear 
singes. Severe singes indicated high-energy discharges. 
Hairs that were only slightly twisted, as in mild diffuse 
singes, often would not be discolored, while severely kinked 
hairs were varied in discoloration to intense blackish brown. 
The degree of burning of the skin was difficult to assess. 
Carbonaceous charring of tissues was not seen, but occasion­
ally, upon incision across a singe mark, a decrease of nor­
mal skin thickness could be palpated. 
A few cows with light-colored udders had patterns on the 
skin above the teats. This phenomenon is illustrated in 
Figure 16, 
The mucous membranes of the body orifices of all animals 
killed by lightning were cyanotic, as noted in the vulvar 
membranes in Figure 18, Other findings associated with the 
body orifices were: frank, bright red, clotted blood that 
came from the nares of 6 per cent (Figure 17) and from the 
anus in 8 per cent of the animals; this blood was considered 
to have been deposited after death. Notice from the place-
Figure 16. Erythematous pattern on skin of udder. The 
udder was not singed. Pattern A was purple 
in color. 
Figure 17, Grass in mouth. Animal was killed with fresh 
bite of grass in mouth. Notice sanguineous 
froth from nostrils, a normal post-mortem 
development. 
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ment of materials in Figure 18 that defecation occurred 
first, followed by blood flow. In one case, there was a 
small rupture in the rectal mucosa which appeared to be the 
source of the hemorrhage but there was no peripheral tissue 
discoloration. 
Peristaltic action of the gut with relaxation of the 
anal sphincter frequently leads to defecation after cessation 
of the heartbeat. This was seen in 30 per cent of all cases. 
In each instance there was no evidence of prolonged struggling. 
Ingesta was found in the mouth and pharynx of 35 per cent 
of the carcasses (Figures 17 and 19), This material was 
either freshly cropped pasture plants or regurgitated rumen 
contents. 
Venous congestion of the subcutaneous tissues was pro­
nounced in 50 per cent of the cases and moderately apparent 
in most of the remainder. Distal portions of the legs 
showed the most subcutaneous congestion. 
Subcutaneous congestion over other parts of the body had 
more of a tendency to degenerate into diffuse masses of hemor™ 
rhagic-appearing hemoglobin and red-cell-imbibed areolar 
tissue (Figure 20), Such areas of imbibition were common 
over the dorsal portion of the animal and involved only loose 
connective tissue components. The underlying musculature was 
not noticeably affected. This degenerative change was en­
hanced primarily by hot weather, direct sunlight on the car­
cass, and time. 
Figure 18, Defecation and post-mortem blood flow. Notice 
that defecation occurred first, followed by the 
flow of blood which clotted after it left the 
animal. Mucous membranes of the vulva were 
cyanotic. 
Figure 19. Aspiration of ingesta. Mass of ingesta occluded 
larynx. Some material was also lodged in the 
secondary bronchi. Animal apparently aspirated 
regurgitated bolus in its death throes. 
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Singes were common, but alteration of the underlying 
tissues occurred only in 8 per cent of the carcasses. These 
changes consisted of mild diffuse venous and capillary con­
gestion on the flesh side of the skin about an inch in width 
following the course of the singe. Other hyperemic streaks 
not associated with the singe were seen in these cases. 
Subcutaneous hemorrhages were seen in 20 per cent of 
the cases. Some of these were associated with overlying 
singes and marked the place of contact where a spark had 
jumped from a tree or neighboring animal. In other cases, 
the hemorrhage appeared to be the result of post-mortem 
decomposition of blood vessels with subsequent oozing of 
blood into the immediate tissues (Figure 20). The lesions 
appeared to originate from a multitude of ruptured capil­
laries . 
Respiratory system 
The mucosae of nasal turbinates and frontal sinuses in 
lightning fatalities were congested. The larynx, trachea, 
and bronchi had petechial hemorrhages in 75 per cent of the 
cases (Figure 21). The tracheal hemorrhages were in linear 
form paralleling the long axis of the trachea. The tracheal 
lumen frequently contained blood-stained froth and clots of 
blood (Figure 22). Masses of regurgitated rumen content 
were found in the trachea and bronchioles, and occasionally 
they occluded the larynx (Figure 19). Frequently blades of 
recently cropped grass were found lodged in secondary 
Figure 20. Post-mortem bleeding and decomposition. Letter 
A indicates subcutaneous pool of blood caused 
by post-mortem bleeding from degenerated 
capillaries. The large sanguineous zone sur­
rounding A is caused by hypostatic congestion 
with imbibition of hemoglobin and dispersed 
small foci of post-mortem bleeding. 
Figure 21. Tracheal mucosa with submucosal focal accumula­
tions of blood. An example of post-mortem 
extravasation. Histopathological section of 
this condition is shown in Figure 37. 
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bronchioles. 
Apparent hemorrhages along the outsides of the larynx 
and trachea were encountered in about 40 per cent of the 
cases (Figure 23). The dorsal laryngeal muscles were 
frequently found to be very congested and hemorrhagic. 
The lungs and pleura usually appeared normal with pul­
monary congestion and subpleural petechiation occurring in 
approximately 4 per cent of all cases. 
Circulatory system 
Scanty hemorrhages were noted on the hearts of 26 per 
cent of the cattle killed by lightning. Even when present, 
these small hemorrhages were never numerous. An average 
petechiated heart had approximately 10 hemorrhages on its 
surface distributed along the coronary groove. The major 
vessels were never found to have gross pathological abnor­
malities. The hearts of all cases were contracted, with 
much of the blood evacuated from the ventricular chambers. 
Invariably, clotted and non-clotted blood occupied large 
vessels concurrently. 
Lymphatic system 
The most commonly encountered abnormality was found in 
the lymph nodes of the head, neck., and anterior shoulder 
regions. These organs appeared hemorrhagic in more than 90 
per cent of the carcasses. The prefemoral lymph nodes were 
similarly affected in 18 per cent of the cases. Hemorrhages 
Figure 22. Blood in the trachea. Massive accumulations 
of clotted blood and bloody froth in the 
lumen of the trachea, à, Notice the con­
gested and hemorrhagic appearance of the 
laryngeal nusculature. These changes, while 
characteristic of lightning fatalities, 
actually develop post mortem. 
Figure 23. Foci of paratracheal and paraesophageal 
accumulations of blood. These foci give 
the appearance of being associated with 
terminal agony, but probably develop 
after death. 
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occasionally occurred in the popliteal lymph nodes. 
The large prescapular lymph nodes (Figure 24) of most 
carcasses varied from diffuse dark red to black with the 
discoloration distributed uniformly throughout the struc­
ture. 
Rarely, the hemorrhagic appearance was limited to focal 
areas in the cortex. In the majority of cases there was 
no significant difference in discoloration between lymph 
nodes on the ventral side of the carcass and those on the 
dorsal side when the carcass lay on its side. Similar 
changes were observed in other lymph nodes of the head and 
neck. If the prefemoral lymph node was involved, the 
hemorrhagic and congested areas were focal and limited to 
the cortex. Mediastinal lymph nodes were inconsistently 
examined, but were found to be hemorrhagic in many cases. 
Abdominal lymph'; nodes were not unusual. 
The spleen was enlarged with blood in about 15 per 
cent of the cases with marked splenomegaly to three times 
normal size in some. 
Petechial hemorrhages of the thymus were common (Fig­
ure 25). The longer the animal was dead, the more hemor­
rhagic extravasations Co be found in this organ. Petechial 
hemorrhages were distributed throughout the thymus paren­
chyma, being sharply defined in recent deaths, but becoming 
more diffuse as decomposition progressed. 
Tonsils contained hemorrhages distributed throughout the 
Figure 24. Prescapular lymph node. Hemorrhagic-
appearing cut surface. Â histologic 
section of this change is seen in 
Figures 33 and 34. 
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Figure 25. Hemorrhage on the thymus. Histologic section 
from similar thymus is seen in Figure 36. 
Figure 26. Hemorrhage in the tonsil. Histopathologic 
section of a similar tonsil is seen in Figure 37. 
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parenchyma (Figure 13). 
Digestive system 
Digestive systems of all animals were normal. Most 
animals had been eating prior to death, and their rumens 
were well filled. This material continued to ferment after 
death; producing gas which greatly distended the rumen, 
rupturing the abdominal wall and diaphragm with compression 
of thoracic content and extrusion of blood from both cav­
ities in many cases. Hemorrhage was seen under the serous 
membranes of the abdominal cavity in 6 per cent of light­
ning deaths. 
Urogenital system 
Hyperemia of the bladder was encountered in 6 per 
cent of the fatalities and vaginal ecchymoses in 4 per 
cent. 
Endocrine system 
No gross lesions were observed in the endocrine glands 
of animals killed by lightning. 
Musculoskeletal system 
The primary lesions found in the musculature of light­
ning fatalities were petechiae in the intermuscular fascia 
of 22 per cent. These small hemorrhages were usually found 
in the large fascial sheets between the loosely arranged 
cervical and shoulder muscles. 
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Nervous system 
Four per cent of the animals necropsied had clotted 
blood around the brain. These animals also had hemorrhage 
in the hollow structures of the ears and were severely 
singed. The immediate surroundings in each case were badly 
damaged by the discharge. The hemorrhagic lesions were 
probably the result of the blast. 
Histopathologic Findings in Cattle 
Killed by Lightning 
The effects of lightning on tissue were primarily singed 
hair and alterations in underlying skin. What appeared to be 
hemorrhagic foci grossly, in many instances, apparently were 
foci of congestion with subsequent post-mortem imbibition of 
hemoglobin, causing focal discoloration. The latter point 
is elaborated upon in the discussion. 
Hair 
Singed hairs were thicker than normal (Figure 27). The 
shafts were fenestrated with vacuoles that had coagulated 
keratin walls. The peripheries of the shafts were irreg­
ular and nodular. 
Skin 
Figures 15 to 19 illustrate skin damage. The skin 
underlying singes often appeared normal throughout much of 
the course of the singe. In the more severely singed skin, 
there was separation of the keratinized layers from the 
polyhedral and basal layers with formation of large evacu-
Figure 27, Histopathologic section of hair singed by 
lightning. Notice vesicular nature of hair 
shafts with coagulation of keratin into com­
pressed vesicle walls. X 100. 
Figure 28. Histopathologic section of singed skin. 
Separation of keratin from hyperchromic 
dermis ^ Hemorrhage can be seen in the 
dermis. X 40. 
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Figure 29, LighCning-singed skin. Notice separation 
in stratum spinosum, X 40. 
Figure 30. Lightning-burned skin. Section taken from 
a severely singed animal. X 10. 
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Figure 31. Edge of burn. At left third of photograph 
neutrophils and tissue debris are accumulated. 
Deeper tissues to the right are hemorrhagic 
and edematous. From Figure 30, X 250, 
Figure 32, Arteriole from burned skin. Notice thrombus 
in bottom of lumen and intimai change with 
erythrocyte fixation to the degenerated 
intima. From Figure 30. X 250, 
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ated spaces. Polyhedral cells were primarily affected. 
They became rounded and loosely attached to each other. 
These structural changes caused the cytoplasm of some of 
the cells to appear swollen. There were occasional prote-
inaceous accumulations, probably cellular debris, attached 
to the edges of clumps of polyhedral cells. The cells at 
the edges of these clumps had disrupted cytoplasm and were 
interconnected with protein strands. There were hemor­
rhages in the dermis with red blood cells distributed 
among collagenous fibers. 
In some streaks, where the singeing was severe (Fig­
ures 17 to 19), charring extended nearly through the 
dermis, obliterating the overlying epidermis and replacing 
it with hemorrhage and debris. Such streaks had wedge-
shaped cross sections and were 2-3 mm wide and 2 mm deep 
with curled, blunted, basophilic-staining collagen fibers 
and cellular debris forming their borders. Serum had col­
lected among the collagen fibers of the dermis and at the 
edges of the burn. The endothelium of the arteries and 
veins near the singe was obliterated, permitting erythro­
cytes to escape into adjacent tissue. 
There were extensive accumulations of leukocytes at the 
edges of the singed groove and in the intercollagenous 
dermal hemorrhages. Epidermal appendages also showed ther­
mal destruction. 
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Respiratory system 
Histopathologic alterations were primarily ascribed to 
post mortem changes. The severity of change progressed 
linearly with time lapse until putrefaction destroyed the 
parenchyma. The alveoli of the lungs contained serum-like 
fluid with some red blood cells. Venules and capillaries 
were congested with packed red cells. The alveolar fluid 
apparently came from the vessels and probably accounted for 
some of the sanguineous froth and blood clots in the tra­
chea, Subepithelial hemorrhage occurred in the trachea 
(Figure 37), 
Circulatory system 
No lesions were seen in the heart or large vessels, nor 
were lesions seen in the distal vessels of the limbs. The 
only lightning-associated lesions seen in the vasculature 
were close to severe burns in the skin (Figure 32). In 
venules and arterioles directly beneath the burn the endo­
thelium was destroyed; and red cells were permeating the 
intima. Blood in these vessels was coagulated in a shrunk-
en clot. There were no tears in the walls of vessels. The 
rete mirabile cerebri was normal histologically. 
Lymphatic tissue 
In most cases, the prescapular, cervical, sublingual, 
and mediastinal lymph nodes appeared congested and hemor­
rhagic (Figure 33). The lymphatic system of the abdominal 
viscera did not appear to be involved. Somatic lymph nodes 
Figure 33, Tracheal lining. Submucosal hemorrhage, 
X 100, 
Figure 34, Histopathologic section of lymph node cortex, 
X 40, 
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located caudal to the shoulder were generally not involved. 
Focal diffuse hemorrhage and hyperemia occurred, with 
the latter frequently being pronounced in the medulla. The 
sinusoids around trabeculae were engorged with blood. 
Venules and capillaries in the cortex were distended with 
blood; and free red blood cells could be seen as dense accu­
mulations in the germinal centers. Subcapsular erythrocyte 
accumulation usually was found only on one side of the node, 
suggesting hypostatic congestion. Erythrocyte degeneration 
appeared to be occurring more rapidly in veins and capil­
laries than in sinusoids or the parenchyma, Erythrophagia 
was not as prominent in bovine lymph nodes as in sheep. 
Sinusoidal pooling of blood was more prominent in sheep. 
Congestion and extravasation of blood was common in the 
thymus (Figure 35), As was noted in lymph nodes, these 
changes apparently reflected post mortem degeneration. 
Development of congestion and hyperemia appeared to have some 
correlation with time after death, as they were more pro­
nounced when necropsy was delayed. The tendency for pro­
gressive congestion and extravasation of blood occurred up 
to some 24 hours post mortem, after which decomposition was 
so advanced that cellular and tissue differentiation could 
not be determined. Venous congestion was most prominent in 
intralobular vessels. Extravasation of blood tended to be 
mostly central lobular. 
Splenic congestion was inconsistent. Dense red cell 
Figure 35. Histopathologic section of lymph node medulla. 
X 100. 
Figure 36. Thymus section, X 40. 
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accumulations in the spleen were suggestive of hemorrhage, 
but as with the thymus and lymph nodes, such changes may 
take place after death. 
Extravasation of red blood cells may be seen in any 
portion of the palatine tonsil but was most evident along 
the crypts (Figure 36). 
Digestive system 
Histopathologic lesions associated with lightning were 
not found in the intestinal tract. The liver and pancreas 
appeared normal. 
Urogenital system 
Specific histopathologic lesions of lightning were not 
found in the urogenital system. 
Endocrine system 
The only changes in the endocrine glands were found in 
the thyroid. ïhis organ had severe venous and capillary 
congestion with extravasation of blood into septa and folli­
cles. These findings appeared to be accentuated with post­
mortem changes, since they were most prominent in animals 
with similarly advanced prescapular lymph node changes. 
Musculature system 
With the exception of laryngeal muscles, no consistent 
changes were seen in skeletal muscle. Laryngeal muscles 
were congested and hemorrhagic. These muscles are very vas­
cular and loosely constructed, so that blood vessels are 
given little structural support. This may be related to lesion 
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production. During removal of the spinal cords of 2 animals, 
hemorrhage was found in the psoas major muscle. No other 
changes were seen in these muscles. The hemorrhages may have 
been caused by lightning-associated violent contractions or 
by post-mortem trauma from ax blows to the spine and associa­
ted musculature. 
Adipose tissue 
No histological lesions were seen in the adipose tissue. 
Nervous system 
Lesions directly attributed to lightning were not ob­
served in the substance of the brain, spinal cord, or tri­
geminal and stellate ganglia. There were extensive post­
mortem changes that could be mistaken for lesions irregular­
ly distributed throughout the brain. Most notable of these 
changes were venous and capillary engorgement and some peri­
vascular accumulations of blood (Figure 38). In some cases 
venous rhexis appeared to be responsible for the perivas­
cular erythrocytes. Though a few hemorrhage-like lesions 
were seen in fresh carcasses, the number increased and was 
commensurate with time after death. Small foci of erythro­
cytes were seen around degenerating capillaries. Neuronal 
changes were believed to be primarily those of a post-mortem 
change and not associated with antemortem lesions caused by 
lightning. 
Peripheral nerves were not notably affected other than 
a shrinkage of myelinated fibers from the perineurium in 
Figure 37. Section of tonsil. X 100. 
Figure 38. Extravasations of blood. Cerebral cortex, 
X 250. 
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peripheral nerves from fresh carcasses. This change is 
probably normal fixation artifact and is not associated 
with lightning. 
Cattle Injured by Lightning 
In this field survey, 8 cattle were examined that sur­
vived lightning discharges. Two of these animals were ob­
served laying near dead and dying animals within seconds of 
the discharge. Both were about 70 feet from the point 
where the discharge grounded. One of them, a cow, lay on 
its sterniim for 20 minutes following the discharge. For 
some 15 minutes of this time it kicked one hind leg as 
though trying to dislodge an irritating object. After the 
animal got on its feet it rejoined the herd, apparently 
none the worse for its experience. The other animal was a 
calf and it lay on its side for about 10 minutes, then rolled 
up on its sternum where it rested for another 20 minutes 
before joining the herd. These animals were observed by 
the owner for three months without showing any adverse 
effects. 
In another instance, a farmer had 2 cows killed by light­
ning under a tree. Another animal in the same herd was very 
weak and weaved from side to side as she walked. Although 
the cow was slow, she still managed to keep up with the rest 
of the herd as they came to the barn for milking. The cow 
lay down in her place in the barn, refused to eat, and gave 
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no milk. Four hours later when she was examined, all 4 
legs were firm and swollen above the hooves. The digital 
cushions were so swollen that her toes crossed and squeaked 
as they rubbed together when she walked. There was a 
hematoma-like swelling 8 inches long, 5 inches wide and 3/4 
inch deep over her right rib cage and a similar swelling 
over the right tuber coxa. Central nervous involvement could 
not be detected, just reluctance to stand and move. Her 
temperature was 101.7° F, rumen motility was 2 times per 
minute, heart rate was 78 times per minute and her white 
blood cell count was 12,000 with normal differential count. 
The animal improved slowly during the first 4 days, but she 
gave no milk. Two weeks after the shock she was examined 
and appeared normal. Milk production had returned to 3/4 
of the previous level and remained there until she was sold 
3 months after the accident. One of the owner's neighbors 
advised him to sell the animal for fear she might suddenly 
die; which he did, even though she was in excellent health 
at the time. 
One farmer lost 11 cows under a tree one night and the 
next morning found a survivor still lying on her sternum 
under the tree 7 hours after the storm. As he approached, 
the animal got to her feet and slowly walked away. The 
animal was observed to graze and drink. She even tried to 
jump a fence that separated her from the rest of the herd. 
When left alone, the cow seemed depressed but she became 
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alert and active when approached, A singe mark extended 
from left gluteal region over the back and down right rib 
cage. There were no singes on her legs. Apparently the 
animal had been lying down with back and rump near the tree 
during the discharge. The animal flinched when touched 
over the thirteenth rib on her left side, this spot may 
have represented the point of ground contact where the 
current exited from the cow. The cow's temperature was 
101.5® F. Heart rate was slightly accelerated but rumen 
motility was normal. A California mastitis test was posi­
tive for all quarters, but milk flow was almost nil suggest­
ing this test may have no significance. This animal re­
turned to normal health and milk production in 10 days and 
delivered a normal calf 7 months later. 
During the course of examining the remainder of the 
herd, another cow (Figure 39) was found that had been singed 
by the discharge. She had a star shaped singe over her left 
rib cage with three long branches extending to the back and 
down along the side. She was depressed and wanted to lie 
down. Her temperature was 102 F and she had a slightly in­
creased heart rate. All quarters gave a positive Califor­
nia mastitis test, but here again, she was giving virtually 
no milk. This animal had returned to normal in 7 days and 
calved normally 3 months later. 
Another incident involved a milk cow that was reported 
to be ataxic and nervous the morning following a storm that 
Figure 39, Cow injured by lightning. Two singe marks 
caused by lightning can be seen extending 
from the middle of the chest to the ground. 
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killed a pasture mate. The owner reported that she ate 
her feed but gave no milk that morning. When he first 
found her, she was walking in circles with a stilted, 
spraddle legged gait. When examined, she kicked frequent­
ly and accurately but no abnormalities were noticed. The 
owner reported that the cow got progressively thinner so 
he sold her 4 months later, A local veterinarian saw the 
animal the morning she was injured and remarked that her 
behavior was typical of all of the owner's cattle. He also 
saw her 2 months later. At that time she was sick with a 
condition completely unrelated to lightning. During the 
interim between calls she had been in excellent health. 
Two other survivors of lightning stroke probably 
suffered from the effects of the shock wave and not from the 
electricity (Figure 40), Both animals were part of a herd 
of feeder cattle on pasture. Eight animals were killed out­
right and these 2 were found the next morning. One had 
his head cocked to the right and was walking in circles. 
The other was hysterical and ran through several fences as 
the owner approached. The next day it, too, was walking in 
circles with its head tilted to the right side. It also 
had a convulsion that morning according to the owner, but 
incoordinated attempts to rise from a reclining position 
may have been confused with a convulsion. When the animals 
were examined the next day after the accident, they seemed 
slightly depressed but aware of surroundings. The eyes of 
Figure 40. Two steers injured by lightning. Notice 
the vertiginous posture of both animals. 
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both animals were in nystagmus, the right eye beating 
vertically and the left eye beating horizontally. The animals 
tended to walk in an angling manner with a tendency to trip 
and fall to the side. Considering the eye movements and 
vestibular malfunction they were able to walk quite well. 
Four days after the accident the steers were shipped to Iowa 
State University for observation. Neither had eaten or 
drank since the first day. l^Hien they fell on a side, they 
could not get to their feet again. The day after arrival 
at Iowa State they were able to navigate in their small en­
closure and were eating and drinking. One of them was 
necropsied 7 days after the injury and found to have clotted 
blood in all chambers and canals of the right ear (Figure 
41), No other lesions were found. The remaining steer re­
covered in 56 days and no lesions were found on necropsy. 
Effects of Lightning on Sheep 
One case in which 2 sheep, an ewe and a ram, were killed 
was investigated. In the same incident 3 cows were killed 
while standing under a tree that was struck; this was situ­
ated 30 feet away and across a small stream from the sheep. 
The fat heavily fleeced sheep were severely bloated when 
necropsied about 12 hours later. The following appraisal 
was made; 
Integument 
No pathologic lesions were found on or under the skin. 
Figure 41. The ear of a steer injured by lightning. This 
specimen was removed from the near animal in 
Figure 40 seven days after injury. 
A, External auditory canal with blood clot 
B, 'Tympanic bulla with hemorrhage. Hemorrhage was 
also found in the inner ear. 
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The mucous membranes of the body orifices, however, were 
cyanotic. 
Respiratory system 
The trachea and bronchi appeared hemorrhagic and con­
tained blood and froth; this was more noticeable in the ewe 
than in the ram. The lungs were normal. 
Circulatory system 
No gross lesions were seen in the heart or large blood 
vessels. 
Lymphatic system 
The prescapular lymph nodes of both animals were hemor­
rhagic. The prefemoral nodes were normal in appearance. 
Digestive system 
No gross lesions were seen. 
Urogenital sys tern 
No gross lesions were seen. 
Endocrine system 
No gross lesions were seen. 
Nervous system 
No gross lesions were seen. 
Effects of Lightning on Swine 
There was only one case where swine were killed by light­
ning during the duration of the field survey. In this in­
stance, a portable hog house was struck and one end splinter­
ed. Four pigs inside were killed and two were injured, one 
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pig lying behind the building was killed, and another died 
with his head in the self feeder. The animals were all 
thrifty 120 pound cross breds. Between death and necropsy, 
a period of 13 hours, considerable abdominal bloat developed 
accompanied by hypostatic congestion and purple discoloration 
of the skin. Post-mortem defecation had taken place. 
The following tissue changes were observed in 4 animals, 
but many of them were post-mortem changes. 
Integument 
None of the animals were singed but the mucous membranes 
of their body orifices were cyanotic. Subcutaneous tissues 
were normal. 
Respiratory system 
All the pigs had white froth in the trachea and bronchi. 
The lungs were congested. One of them had paralaryngeal 
hemorrhage extending past the thyroid and 2 inches along 
the side of the trachea. 
Circulatory system 
Three of the pigs had petechiations over the right coro­
nary groove. There were no changes in the major vessels 
except that the blood was poorly clotted. 
Lymphatic system 
Prescapular lymph nodes were slightly hyperemic and 
edematous in appearance while the anterior cervical nodes 
were very darkly discolored with congested blood. The pre-
femoral lymph nodes were normal. The spleens were enlarged 
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and contained excess blood. Thymus glands in all cases 
were petechiated. 
Digestive systern 
No gross lesions were seen in the digestive tract or its 
associated structures. 
Urogenital system 
There were no lesions attributable to lightning in this 
system. 
Endocrine system 
Wo lesions were seen in any endocrine gland. 
Musculoskeletal system 
No gross lesions were found in the muscles or bones of 
dead animals. 
Nervous system 
No gross lesions were observed. 
The 2 injured pigs were observed at the Department of 
Veterinary Pathology. One animal with severe posterior 
neurological disfunction was necropsied 3 weeks after the 
accident and was found to have a fractured pelvis. The 
muscles of the abdominal wall were bruised as were the 
gluteal muscles on the left side. Both sciatic nerves were 
surrounded by hematomas. 
The second animal recovered within a month and was 
necropsied. Repair of contused tissues of the loin had 
occurred. These injuries were thought to be due to jamming 
of frightened animals in the doorway as they tried to escape 
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from the building. Or, they may have been injured by fly­
ing debris as the lightning struck the building. 
jiffects of Lightning on Horses 
Two horses killed by lightning were investigated. Post­
mortem change was advanced but the following appraisal was 
made : 
Integument 
ringed hair on both animals, gluteal regions on left side 
of bodies and some hemorrhages in subcutaneous tissues were 
found, 
Respiratory system 
severe hemorrhages in the tracheal mucosa had occurred 
but no blood was found in the lumen. 
Circulatory system 
Few hemorrhages in epicardium and endocardium were noted. 
Lymphatic system 
hemorrhages appeared to be confined primarily to lymph 
nodes adjacent to damaged tissues. 
Digestive system 
Large loops of small intestine of both animals were very 
hyperemic. In one animal marked suffusion hemorrhages of 
the mesentery of small intestine were noted. 
Urogenital system 
J.SO gross lesions were seen. 
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Endocrine system 
The thyroids were very hyperemia and adrenals appeared 
normal. 
Mus culo skele ta1 system 
Petechiae in intermuscular fascia had occurred. 
Nervous system 
It was not examined. 
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PART II. SIMULATED LIGHTNING EXPERIMENTS 
Experimental Gross Pathology; Sheep 
Sixteen sheep were used in this series of experiments 
designed to reproduce the lesions found in cattle and sheep 
killed by lightning. Some of the older sheep with obvious 
clinical debilitation were well endowed with chronic lesions. 
To evaluate the effects of the electricity all abnormalities 
were evaluated as to their relationship with the discharge. 
Did the lesions result from the electricity and could they 
have altered the animal's response? Only the lesions of 
immediate origin or possibly from previous experimental dis­
charges were evaluated. 
Externally the carcasses of the experimental sheep were 
similar to lightning killed animals with singes, cyanotic 
mucous membranes, and post-mortem bloat when necropsy was 
delayed several hours. 
Singe marks were usually linear streaks. They extended 
from the contact electrode variable lengths down the side 
and sometimes down a leg to the ground. Singes varied in 
width from 1/2 to 3/4 inch with a center where the fleece 
was parted and borders of kinked wool (Figure 42), Mini­
mal tissue destruction of the underlying skin was discerned 
along the singe line except at the point of origin and in 
the axillary regions where there was no wool. Cyanosis was 
most prominent in the mucous membranes of the vulva (Figure 43), 
Figure 42, Singed wool. Notice the diagonal path of the 
singe mark from upper left to lower right 
corners of the photograph. 
Figure 43, Cyanosis, Cyanotic vulvar mucous membranes. 
Also, imminent defecation. 
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Anal sphincter relaxation was universal and was accompanied 
by post-mortem defecation in 50 per cent of the experiments. 
Defecation always was noted some 10 to 15 minutes after cessa­
tion of respiratory activity. It was the result of continued 
peristaltic action of the gut. Post-mortem bloat apparently 
accounted for some evacuation of feces from the rectum some 
1 or 2 hours after death. The degree of bloat after death 
was proportional to the amount of unfermented ingesta in the 
digestive tract at the time of death and the time period 
since death. 
Necropsies performed on sheep killed in experiments 1, 
8, 9, 12, 13, 15, 19, 27, and 31 were essentially negative 
for the tissue changes as noted in lightning deaths. The 
examinations were begun within 15 minutes after death and 
the following lesions were noted. 
A single ecchymotic hemorrhage 1/2 inch in diameter was 
found in the intermuscular fascia of the upper rib cage at a 
location subjacent to the positive electrode placement in 
experiment 8. The prefemoral lymph node appeared hyperemia, 
but this was not verified by subsequent histopathologic 
examination. Prefemoral lymph nodes of the sheep in experi­
ment 9 were petechiated. In this experiment electrodes had 
been placed over the center of the gluteal region. 
Discharge with electrode placement slightly to the right 
of the midline of the gluteal region in experiment 11 caused 
a transient lameness and 2 days later at necropsy following 
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experiment 12, subsarcolemmal petechiations were seen on the 
right gluteus muscle and on the back behind the shoulders. 
Also in experiment 12 there was a purple colored burn on the 
skin of the right axillary area. The subcutaneous tissues 
were hyperemia along the course of the burn. In the last 
experiment (number 31) there was petechiation in subcutaneous 
tissues. 
Discouraged by the futility of attempts to reproduce 
lesions typical of those found in animals killed by lightning 
in 19 experiments, a post mortem examination was made some 
21 hours after death on the 20th experimental animal. Post 
mortem bloat, rumen contents oozing from the oral cavity, 
and bloody froth from the nostrils were noted. The anal 
sphincter was relaxed and the feces had been passed after 
death. The mucous membranes were cyanotic. The prescapular 
and submandibular lymph nodes appeared hemorrhagic. The 
trachea and bronchi contained much froth and what appeared 
to be submucosal petechiation was seen at the tracheal bifur­
cation. The lungs and liver were dark and congested. Thus 
the typical findings of lightning had been produced. 
Experiment 21 was conducted in a similar manner with a 17 
hour delay before necropsy. Similar post mortem findings 
occurred a second time with the addition of petechiae on the 
surface of the right ventricle and over the coronary groove 
of the left ventricle, 
A series of three experiments (numbers 22, 23, and 25) 
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followed, intending to clarify, if possible, whether the 
findings were the result of electricity or decomposition. 
The prescapular, submandibular, and prefemoral lymph nodes 
were removed from one side and the incisions sutured within 
15 minutes of death. Hiese tissues appeared normal. After a 
delay of 10-13 hours, necropsies were continued and the 
opposite set of lymph nodes removed. In all cases the pre­
scapular and submandibular nodes were congested and hemor­
rhagic, while the prefemoral appeared normal. Although not 
as pronounced, the other tissue changes found in experiment 
20 were present. There was a direct correlation between the 
degree of bloating, the time elapsed between death and nec­
ropsy, and the extent of development of lightning-like 
lesions. In addition, the sheep in experiment 23 had some 
petechiae in intermuscular fascia. The ewe in experiment 25 
had indistinct petechiae on the thymus 3/4x1 inch suffusion 
of hemorrhage in the omentum directly beneath the position of 
the positive electrode in experiment 24. Photographs of 
these changes are conjoined with the individual organ systems. 
The animals in experiments 26 and 30 were also left for 
several hours before necropsy with the production of tissue 
changes similar to experiment 20. The yearling wether in 
experiment 30 had petechiae in the thymus similar to those in 
experiment 25, 
Synopsis of the gross lesions in the first 16 sheep killed 
by lightning-like discharges follows: singed wool in 85 per 
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cent; burned skin in 15 per cent; cyanotic mucous membranes 
in all animals becoming more intense with time to 20 minutes 
after death; subcutaneous hyperemia under singed tissue in 
one animal; and mild generalized subcutaneous hyperemia. 
Respiratory system 
The respiratory system was free of discernible lesions in 
carcasses necropsied shortly after death. As necropsy was 
delayed, the trachea and bronchi became congested and filled 
with froth and the lungs became congested. These changes 
are illustrated in Figures 44 and 45. Intratracheal hemor­
rhage was found in the two animals that had been dead the 
longest time, experiments 20 and 21, 
Circulatory system 
There were no visible lesions in the heart or major 
vessels that might be attributed to the discharge. 
Lymphatic system 
Significant tissue changes were not found in any lymph 
nodes examined within the first hour of death (Figure 46), 
When necropsy was delayed, the lymph nodes of the head, neck 
and foreshoulder became congested and dark while the pre-
femoral and other posterior and most visceral lymph nodes 
remained unchanged. The decomposition changes are shown in 
Figure 47, One exception to lesion free fresh lymph nodes 
was experiment 9 mentioned previously. Congestion of the 
spleen was an inconstant finding, Petechiae were seen in all 
thymus glands regardless of whether or not necropsy was de-
Figure 44. Trachea, Removed from sheep 12 hours after 
death. Notice congested venules and froth. 
Figure 45, Lungs and trachea. Removed from sheep 7 hours 
post mortem. Lungs are congested and trachea 
is filled with froth. 
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Figure 47. Lymph nodes removed 13 hours 
post-mortem. Experiment 25. 
From top to bottom: left. 
prefemoral, left sublingual, 
left prescapular nodes. 
Notice the darkened hemor­
rhagic appearance of the sub­
lingual and prescapular lymph 
nodes. See Figure 53 for his 
tologic section of left pre­
scapular lymph node 
Figure 46. Lymph nodes removed at time 
of death. Experiment 25. 
From top to bottom: right 
prefemoral, right sublingual 
right prescapular nodes. 
See Figure 52 for histologic 
section of right prescapular 
lymph node. 
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layed. However, with delay, foci of extravasations became 
larger and more diffuse (Figures 48 and 49), 
Digestive system 
Congestion of the liver was inconsistently found but 
that was the pnj,y change seen in the digestive system. 
Urogenital system 
Other than vestibular congestion (Figure 50), variation 
from the normal was not seen in any of the organs of the 
urogenital system. 
Endocrine system 
No visible lesions were found in the endocrine system. 
Mus culoskeleta1 system 
Three carcasses had petechiation in the connective 
tissues of the musculature (Figure 51). 
Nervous system 
Lesions were not found in the brain or spinal cords of 
sheep shocked by lightning-like discharges, 
Histopathology of Lesions Produced by 
Simulated Lightning 
Histopathologic evaluation of the tissues of the first 
16 experimental sheep were recorded by organ systems as 
follows, 
Respiratory system 
No lesions were found in fresh carcasses. As necropsy 
was delayed, post-mortem changes progressed in the form of 
pulmonary congestion with erythrocyte packing in veins. 
Figure 48. Petechlatlon of thymus. Thymus has petechlae 
on its surface. Organ was removed 15 minutes 
after death. 
Figure 49, Petechlatlon of thymus. Thymus has diffuse 
petechial hemorrhages on its surface. Organ 
was removed 7 hours after death. 

Figure 50, Vestibular congestion. Mucous membranes of 
the vulva. 
Figure 51. Petechiae of fascia covering muscle. 
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venules and alveolar capillaries, sloughing of septal cells, 
and suffusion of serum into the alveoli. The capillaries 
and venules of the trachea were similarly affected. 
Circulatory system 
Some of the Purkinje fibers had cytoplasmic depletion of 
their centers. This was interpreted as a post-mortem change, 
No lesions were seen in the heart or large vessels. 
Lymphatic system 
The prescapular, anterior cervical, and submandibular 
lymph nodes of animals necropsied immediately or removed from 
animals just after death contained virtually no lesions. As 
necropsy was delayed, the medullary sinusoids became increas­
ingly congested. Free blood and congested capillaries and 
venules were found in the cortex, Erythrophagia was also 
found in areas of extravasated blood. There were no accumu­
lations of erythrocytes in the subcapsular sinuses, Pre-
femoral lymph nodes were free of hemorrhage and congestion 
in all cases, regardless of time interval between death and 
necropsy, with one exception, experiment 9, where the posi­
tive electrode was placed over the gluteal region. Develop­
ment of lymph node changes are illustrated in Figures 52 and 
53. 
Thymus gland, when present, had hemorrhages and venous 
congestion throughout its parenchyma. 
Pooling of blood in the spleen was occasionally seen. 
Figure 52. Normal prescapular lymph node. Experiment 
25. Removed at time of death. See Figure 
46 for gross appearance, X 40. 
Figure 53. Early post-mortem change in a prescapular lymph 
node. Experiment 25. Removed 13 hours after 
death. For gross appearance, see Figure 47. 
Notice hypocellularity of medullary sinusoids 
and venous and capillary congestion. X 40. 
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Digestive system 
No lesions were found in the digestive tract or its 
adnexa. 
Urogenital system 
No lesions were found in the urogenital system. 
Endocrine system 
The thyroid glands in carcasses in which necropsies had 
been postponed had very congested veins with occasional 
hemorrhage. This was not true in experiments where the 
necropsy was performed soon after death. No other lesions 
were seen in the endocrine glands. 
Musculoskeletal system 
No changes were found in muscle tissue. 
Nervous svstem 
Extravasation of blood around veins occurred in most of 
the brains. But it was most prominent in carcasses in which 
necropsy had been delayed. The escaped blood did not invade 
the parenchyma. The venules of sheep brains must be very 
friable since even in the most quickly removed brains some 
venules were obviously degenerated and erythrocytes were out­
side the walls. Capillary hemorrhage was occasionally found 
with distribution of the erythrocytes into adjacent paren­
chyma. These changes were scattered throughout the brain 
with no particular area predilection. No cellular changes 
were seen that could be attributed to the electric discharge. 
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Results of Lightning-like Discharges in 
Sheep: Physiologic Data 
The results of each experiment are recorded in Table 5. 
The general result of the experiments with high-voltage high-
current-density discharges in sheep was established that 
death was primarily from cardiac arrest probably preceded by 
ventricular fibrillation. Respiratory arrest was a common 
occurrence but of such limited duration that no animals 
succumbed* Some discharges caused suppression of central 
nervous function, but these disturbances were generally of 
a transient nature and not lethal. 
Close clinical examination revealed no involvement of 
other organs or organ systems such as liver, lungs, and 
digestive tract. Immediately after the discharge the ani­
mals were depressed and weak.- This persisted for about an 
hour. 
Before describing specific effects on the various systems 
of the body, experimental variables which significantly 
affected the results will be discussed. 
The energy of the discharge was significant. Those ex­
periments employing less than 1760 joules did not kill ani­
mals, Discharges with 625 joules or less, experiments 2 to 7, 
did not produce a loud report, only a slight buzzing sound. 
These low energy discharges did not produce visible sparks 
and only experiment 2 with 50 joules caused any singeing. 
At energy levels above 1760 joules there was a tendency 
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Table 5» Results of individual experiments 
No." 8heep< KV^ Joule4 Electrode Placement^ Singe^ Respiration 
A: 4 year old ^5 2125 
ewe. Sheared. 
Dirty, oily 
fleece. 
B: old ewe. 10 $0 
Short, dirty 
fleece. Shorn 
recently. 
B: same ewe as 10 50 
previous experi­
ment . 
B; same ewe as 12 72 
previous experi­
ment. 
B: same ewe as 15 225 
previous experi­
ment. Contact 
area wetted with 
detergent solution. 
B: same ewe as 25 625 
previous experi­
ment. 
+; on right shoulder; 
with all four feet 
contacting aluminum 
floor plate. 
+: on right lumbosacral 
fossa; 
- : with all four feet 
contacting aluminum 
floor plate. 
+: on posterior thorax. 
- : with all four feet 
contacting aluminum 
floor plate. 
+: on top of neck in 
front of shoulder; 
- : with all four feet 
contacting aluminum 
floor plate. 
+: on top of neck in 
front of shoulder; 
- : with all four feet 
contacting aluminum 
floor plate. 
+: on top of withers; 
with all four feet 
contacting aluminum 
floor plate. 
Mouth opened, nostrils 
dilated in repeated 
inspiratory attempts. 
No thoracic movement. 
lot remarkable. 
0 lot remarkable. 
ffot remarkable. 
Accelerated. Move­
ments rapid and 
shallow. 
Not remarkable. 
^Experiment number. 
^Sheep identification. 
^Potential of discharge. 
^Energy of discharge. 
^Electrode placement: +: positive electrode; - : negative electrode. 
®Singe; Variable degrees varying from none (O) to deep singes extending from positive e! 
spiration Heart Remarks 
lened; nostrils 
in repeated 
;ory attempts, 
icic movement. 
ÎTo heart movement 
could be palpated. 
Auscultation not 
done. 
Died. Animal dropped to floor of crate with 
all feet under it. Head was held horizontal 
for 15-20 seconds, then it slowly dropped 
with loss of consciousness. 
irkable. No auscultation. Survived. Ewe dropped straight down. No un­
usual spasms. Seemed momentarily confused. 
Head held straight ahead, eyes and ears normal. 
Remained down for a few moments; then got up. 
No report, buzzing sound from the discharge. 
irkable. No auscultation. Survived. Animal dropped to sternum. Refused 
to arise. No central nervous system disturb­
ance. No discharge report, just a buzzing 
sound. 
irkable. No auscultation. Survived. Ewe dropped with legs under her. 
No abnormal behavior. Aware of surroundings ; 
alert. No discharge report, just a buzzing 
sound. 
ited. Move-
ipid and 
Accelerated. 
Rate increased. 
Survived, Ewe fell to floor of crate. Head 
lowered. Relaxation of cervical muscles. 
Recovered in 5 seconds. No discharge report, 
just a buzzing sound. 
irkable. Not evaluated. Survived. Ewe dropped, face and eyes seemed 
distressed. Refused to get up. Taken back 
to farm. Next day seemed normal except for 
slight thoracolumbar kyphosis. No discharge 
report. 
g from positive electrode down side of animal. 
Table 5- (Continued) 
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no.- Sheep: KV® Joule"^ Electrode Placement^ Singe^ Respiration 
7 C: same ewe as 
previous experi­
ment. 2 days 
later. 
25 625 Not recorded. Not remarkable. 
8 C: same ewe as 
previous experi­
ment . 
42 1760 Not recorded. Five or 6 feeble re­
spiratory efforts. 
10 
D: old ewe, near 
death. Clipped 
fleece over rump, 
contact area 
wetted. 
E: thin old ewe. 
Fleece l/2 inch 
long. 
45 1850 
45 2125 
+: on top of rump; 
- : with hind feet 
on contact plate. 
+: two inches to 
right of mid-line, 
gluteal region; 
- : with hind feet 
on contact plate. 
No respiration imme­
diately after shock. 
Then nostrils dilated, 
breathing began and 
continued after the 
heart stopped beating. 
Respiration stopped 
immediately after shock, 
just feeble efforts. 
About 30 seconds later 
nostrils dilated. Deep 
breathing began. 
11 E: same animal 
as previous 
experiment. 5 
days later. 
12 E: same animal 
as previous 
experiment, 20 
minutes later. 
45 1063 
45 2125 
+: on right rib cage 
wetted and clipped; 
- : with all feet on 
contact plate. 
Same placement as 
previous experiment. 
No change. 
+++ Respiration was deep 
and labored almost 
from the beginning. 
Respiration Heart Remarks 
Not remarkable. Not evaluated. Survived. Ewe dropped to floor, was 
confused for a while. Had to be lifted 
to feet. No discharge report. 
Five or 6 feeble re­
spiratory efforts. 
No respiration imme­
diately after shock. 
Then nostrils dilated, 
breathing began and 
continued after the 
heart stopped beating. 
Respiration stopped 
immediately after shock, 
just feeble efforts. 
About 30 seconds later 
nostrils dilated. Deep 
breathing began. 
No change. 
Respiration was deep 
and labored almost 
from the beginning. 
No heart beat 
palpated 1 and 
1/2 minutes after 
shock. Not exam­
ined earlier. 
Beat 12 times with 
prolonged unusual 
sound. Heartblock 
to fibrillation. 
Two hundred beats 
per minute for 
first 10 seconds. 
Abruptly decreased 
to $0/min. for 10 
seconds followed 
by rapid increase 
to 200/min. again. 
Ventricular tachy­
cardia. 
Normal rate with 
a few transient 
interruptions of 
rhythm. 
Auscultation, 
negative. 
Died. Loud report. Pelvic limbs 
collapsed, front limbs stiff, gradual 
relaxation after U5 seconds. Cyanosis 
developed within first $0 seconds. 
Died. Animal lay on sternum. Raised 
head for 65 seconds. Then head sank 
slowly to rest against ground lead. 
Corneal reflex persisted for excess 
of 60 seconds. 
Survived. The animal lost consciousness 
for 50 seconds after the second period 
of rapid heart rate began and respira­
tion started. Animal taken to farm for 
5 days observation. Very slight short­
ening of right rear stride, with length­
ening of left rear stride one day after 
shock. 
Survived. Animal had to be lifted to 
feet. No evidence of pain. Ewe seemed 
bewildered and a little depressed. 
Died. Animal did not loose conscious­
ness immediately. 
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15 F: old lame ewe 
with granulation 
tissue hanging 
from udder, fleece 
1 and 1/2 inches 
long, damp and 
dirty. 10 inch 
patch of back 
sheared. 
43 1850 +: directly behind 
withers 6 inches to 
right of mid-line; 
- : with all four 
feet on contact 
plate. 
++ Not remarkable. 
l4 G; 3 year old ewe 
in good health. 
Sheared day of 
experiment. Wool 
dry, no oil. 
Contact area 
wetted with a 
NaCl-Fe 0 solution. 
3 4 
G: same ewe as 4$ 
previous experi­
ment . 
1850 
15 
16 H: Bi-re with 
damp fleece. 
Contact area 
wetted with a 
NaCl—Fe3O4 
solution. 
45 
1850 
1850 
+: on rump; 
- : with all four feet 
on contact plate. 
+++ Not remarkable. 
Same as previous 
experiment. 
+: on lumbosacral 
junction; 
- : with front feet 
in pan of electro­
lyte solution. 
+++ Attempted 8 breaths 
in 15 seconds, then 
stopped all breath­
ing. 
+++ Stopped breathing for 
a few seconds. Then 
shallow inspirations 
began which increased 
in volume and rate 
with each effort. 
IT H: same animal ^3 
as previous ex­
periment . Waited 
30 minutes between 
discharges. 
1850 Same as previous 
experiment. 
+++ Not remarkable. 
Respiration Heart Remarks 
Not remarkable. Not remarkable. Survived. Animal fell on knees. Got up. 
A series of 5 more experiments with this 
animal at this time using the same discharge 
characteristic and only moderate changes in 
electrode placement all yielded the same 
lack of effect. Nearly all electricity was 
transmitted by fleece. Singes repeatedly 
followed old marks. No abnormalities seen. 
Animal observed for 5 days, then killed by 
repeated discharges. Electrical effects not 
recorded. Postmortem conducted. 
Not remarkable. Not remarkable. Survived. Discharge arced to dry wool and 
followed superficial path to negative ter­
minal, Animal knocked down. Confused but 
alert. Arose immediatelyT 
Attempted 8 breaths 
in 15 seconds, then 
stopped all breath­
ing. 
Stopped breathing for 
a few seconds. Then 
shallow inspirations 
began which increased 
in volume and rate 
with each effort. 
Not remarkable. 
Auscultation. 
No heart sounds. 
Heart was very 
rapid for $0 
seconds. Then 
slowed to normal 
pace after re­
spirations began. 
Not remarkable. 
Died. Animal went down, but held head up 
for 4$ seconds, although she didn't notice 
surroundings. Corneal reflex retained until 
after neck relaxed. 
Survived. Ewe seemed puzzled by the experience. 
Nearly all animals have seemed puzzled by the 
experience but not alarmed. 
Survived. Initiated temporary extensor rigidity 
in both experiments with rear feet extended 
behind when it fell. This time the ewe was 
depressed and couldn't arise after shock, 
although not alarmed. When lifted to feet, 
she knuckled over on rear fetlocks. Euthana­
tized by line current. 
Table 5- (Continued) 
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18 I: healthy 
aged ewe. 
Shorn day of 
experiment. 
Fleece very dry. 
19 I: same ewe as 
previous experi­
ment. 
4$ 1850 Same as previous 
experiment. 
43 1850 +: taped on top of head; 
- : with front feet in 
pan of electrolyte 
solution. 
Not remarkable. 
Respiration ceased. 
Artificial respiration 
given for I5 minutes. 
No response. 
20 J: old ewe 
shorn 9 days 
previously. 
Fleece very 
oily. 
43 1850 +; on center of back; 
with front feet in 
pan of electrolyte 
solution. 
Breathing continued for 
one minute and 11 sec­
onds. Then gasped a 
few times. Still gasped 
occasionally at 4 min­
utes. Mouth open and 
nostrils dilated. 
21 
22 
K: old ewe. Re- 4$ 185O 
sisted restraint. 
Tranquilized. 
Shorn 25 days pre­
viously. Very oily 
fleece. Rear portion 
of body supported in 
standing position. 
L: old ewe. Did 4$ 
not fight re­
straint . Head 
pulled up and to 
left with halter. 
Shorn 26 days pre­
viously and fleece 
very oily. 
1850 
+; 2 inches to left 
of midline of back; 
- : with front feet in 
pan of electrolyte 
solution. 
++++ Six breaths after shock. 
+; 2 inches to right 
of dorsal midline of 
back; 
with front feet in 
pan of electrolyte 
solution. 
19 breaths beginning 7 
seconds and continuing 
until 55 seconds after 
shock. Began as slow 
and shallow respirations, 
Increased in rate and 
depth; then abruptly 
terminated with a few 
gasps. 
Respiration Heart Remarks 
Not remarkable. 
Respiration ceased. 
Artificial respiration 
given for 15 minutes. 
Wo response. 
Breathing continued for 
one minute and 11 sec­
onds. Then gasped a 
few times. Still gasped 
occasionally at 4 min­
utes. Mouth open and 
nostrils dilated. 
Six breaths after shock. 
Auscultation. Heart beat 
very rapidly for short 
time; followed by brief 
period of very slow 
beating. Then fast again. 
Auscultation. Heart beat 
150-200 times a minute for 
the 15 minutes of arti­
ficial respiration. Ter­
minal beats very weak. 
Auscultation. Heart sound 
weak at 200 beats per min­
ute. Heart rate increased 
(progrèssivelyto ^00 per 
minute). Stopped beating 
at h6 seconds. 
Auscultation. Ho heart 
sound after shock. 
Survived. Fell with legs extended 
behind. Tried to arise after 5 min. 
but couldn't. Unsteady when helped 
to feet. Held head up and was aware 
of surroundings after shock. 
Died. No corneal or tongue reflexes 
at any time. Kicked hind legs 5 
minutes post shock. 
Died. At shock, ewe went down quickly. 
Regained footing and stood up. Soon 
sank to knees. Remained with rump up 
for 15 seconds. Then laid down. Two 
minutes after shock neck relaxed and 
head slowly declined. Pupils dilated 
at l80 seconds. At 24o seconds corneal 
reflex ceased. 
Died. After shock, ewe lifted hind 
legs off the floor. Corneal reflexes 
persisted for 255 seconds. Very 
little struggling after shock. 
19 breaths beginning J 
seconds and continuing 
until 55 seconds after 
shock. Began as slow 
and shallow respirations. 
Increased in rate and 
depth; then abruptly 
terminated with a few 
gasps. 
Auscultation. No heart 
sound after shock. 
Died. Dropped with legs under it 
Struggled a few times after breathing 
stopped. Corneal reflex persisted 
for 170 seconds. 
Table 5. (Continued) -
148 
No." Sheep" KV^ JouleElectrode Placement^ Singe^ Respiration 
25 M: k year old ^3 I85O 
ewe. Animal 
succeeded in 
kicking recorder 
loose several 
times. Clot in 
carotid cannula 
caused delay in 
experiment. Shorn 
27 days before. 
2k N; aged ewe. 4$ 185O 
Shorn 27 days 
previously. 
Oily fleece. 
+; on midline, back; 
with front feet in 
pan of electrolyte 
solution. 
+: on left paralumbar 
fossa; 
- : with front feet in 
pan of electrolyte 
solution. 
+++ 
Breathing began 6 seconds 
after shock, continued for 
50 seconds. Thirty inspira­
tions. Several terminal 
gasps. 
Respiration continued at 
normal rate and intensity. 
25 N: same ewe as 4$ 185O 
previous experi­
ment . 15 minute 
interval between 
experiments. 
26 0: old ewe. 42 176O 
Shorn 28 days 
previously; 
oily fleece. 
27 P: 4 year old 42 I76O 
ewe. Shorn 28 
days previously; 
oily fleece. 
+: on midline of back; 
with front feet in 
pan of electrolyte 
solution. 
+: taped to top of head; +++ 
with front feet in 
pan of electrolyte 
solution. 
+: 6 inches to right 
of midline, over last 
rib; 
with front feet in 
pan of electrolyte 
solution. 
0 
Respirations began 4 
seconds after shock and 
continued for 4$ seconds. 
Initial deep breathing 
degenerated into gasps. 
Continued to respire 
after shock. No time 
recorded, nor count made. 
Respiration ceased for 
10 seconds after shock; 
then resumed as deep 
inspirations for approxi­
mately 80 seconds. A few 
terminal gasps. 
28 Q: rambunctious 
short yearling 
wether. Shorn 
29 days previous­
ly. Slightly 
oily fleece. 
45 1850 +; on right paralumbar 
fossa; 
-: with front feet in 
pan of electrolyte 
solution. 
+++ Not remarkable. 
Respiration Heart Remarks 
Breathing began 6 seconds 
after shock, continued for 
50 seconds. Thirty inspira­
tions. Several terminal 
gasps. 
Auscultation. Heart 
sounds for 10 seconds 
after shock. Very rapid 
at 200 per minute. Be­
came weak and faded out. 
Died, Corneal reflex persisted 
for 167 seconds. Head held up. 
Looked straight ahead. Head moved 
from side to side several times. 
Kicked hind legs three times. 
Respiration continued at 
normal rate and intensity. 
Respirations began h 
seconds after shock and 
continued for 4$ seconds. 
Initial deep breathing 
degenerated into gasps. 
Continued to respire 
after shock. No time 
recorded, nor count made. 
Auscultation. Heart 
began beating shortly 
after shock. Rapid beat 
280 per minute. Gradual­
ly returned to normal 115 
beats per minute. 
Auscultation. Ho heart 
sounds but fibrillating 
heart could be palpated 
through the right chest 
wall. 
Heart not evaluated. 
Survived. Went down on sternum after 
shock. Had to be lifted to feet. Quite 
weak after shock. No pain or struggling 
evident. Animal seemed puzzled by 
experience. 
Died. Dropped on sternum with 
head straight forward. Normal appear­
ance. As anoxia progressed, head 
declined and rested on bottom of 
stanchion. No struggling noticed. 
Died. Animal struggled very actively 
for a few moments after the shock. 
Respiration ceased for 
10 seconds after shock; 
then resumed as deep 
inspirations for approxi­
mately 80 seconds. A few 
terminal gasps. 
Auscultation. Heart 
beat rapidly. Could not 
be counted (some 480 per 
minute) for about 59 
seconds. Then intensity 
faded and it could no 
longer be heard. 
Died. Animal dropped to its sternum 
after shock. Lay quietly with head 
held up and aware of its surroundings; 
then slowly relaxed head and slipped 
into an unconscious state. 
Not remarkable. Not remarkable. Survived. Remained standing after 
shock. Depressed; perhaps because 
of excessive struggling against 
restraint. 
Table 5* (Continued) 
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29 Q; same animal 
as previous 
experiment. 
Jumped around so 
actively it had 
to be tied 
securely. 
50 Q; same animal 4$ 
as above. 
43 1850 
1850 
51 R: short year- 4$ 185O 
ling ewe. Shorn 
9 days previously. 
Fleece very oily. 
+: k inches to left of 
midline over last rib; 
- : with front feet in 
pan of electrolyte 
solution. 
+: on top of withers; 
with front feet in 
pan of electrolyte 
solution. 
+; on top of withers; 
with front feet in 
pan of electrolyte 
solution. 
+++ Hot remarkable. 
Continued after shock 
for more than 20 seconds. 
+++ Breathed after discharge. 
Respiration Heart Remarks 
Hot remarkable. Not remarkable. Survived. Discharge blew electrode 
assemblies to pieces and wrecked 
the recorder, but didn't harm the 
lamb. 
Continued after shock 
for more than 20 seconds. 
Breathed after discharge. 
Heart beat very fast, 
too fast to count. 
Then could be heard 
no longer. 
A squirming could be 
palpated through the 
chest one second after 
the shock. 
Died. Animal dropped with legs under 
it. Kicked hind legs and moved shoulders 
during the minute following the shock. 
Relaxed into unconsciousness. 
Died. Lamb dropped with legs under it. 
Head held forward and upright. Resisted 
moving head. Animal was depressed but 
not stunned. After about 2 minutes 
it became unconsciousness. 
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for the discharge to favor surface flow to transmission 
through the body of the sheep. When fleece conditions were 
such that a relatively large amount of the current was 
dissipated in the wool, the animals survived. If the fleece 
was long; the discharge singed pathways in the wool and 
never touched the skin. Apparently very little of the dis­
charge flowed through the animal. This was seen early in 
the series of experiments \Aien a number of animals were 
shocked to no avail, but they were killed by a similar dis­
charge after they were sheared. In experiment 13, the ewe 
had wool 1% inches long and survived 6 shocks of 1850 joules. 
Animals were killed with fewest discharges when the wool 
length was 1/2 inch or less. 
Character of the fleece was also important. When the wool 
was wet in experiments 13, 16, 17, and 18, death did not occur. 
When the wool was very dry, as immediately after shearing, the 
electricity tended to cause remarkable singes but the animals 
survived experiments 14, 18, 28, and 29. When the wool was 
very oily, yet free of water, the incidence of death was high 
as noted in experiments 1, 20, 21, 22, 23, 25, 26, and 27. 
When considering discharges of more than 1750 joules, 
electrode placement at front feet and anterior part of the 
body was significantly more effective than others in causing 
cardiac arrest. The various electrode placements and their 
effectiveness can be seen in Figure 54. 
Local wetting with application of NaCl and at the 
site of positive electrode placement did not produce any sig-
Figure 54, Electrode placement on sheep exposed 
synthesized lightning discharges. 
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nificant Increase in discharge effects. Also, the inclusion 
of water, electrolytes, earth, and manure in the ground 
electrode pan was not significantly effective in facilitating 
death in sheep. 
Of the 18 experiments with discharge energy levels at 
1760 joules that were suitable for analysis, numbers 13 
and 14 had no abnormal cardiac activity. Perhaps this was 
because too much of the discharge energy was dissipated in 
the fleeces. Experiments 16 and 24 had periods of rapid 
heart activity immediately after the discharge that persisted 
for about 30 seconds. They were considered to be episodes of 
ventricular tachycardia. In experiments 10 and 18 an inter­
val of slow heartbeat, probably complete atrioventricular 
block, followed ventricular tachycardia and in turn was 
supplanted by a second period of rapid heartbeat. This 
second period was assumed to be a sinus tachycardia. 
Among the fatalities, in experiments 1, 12, 15, 21, and 
22 no heart sounds were auscultated and no movement could be 
palpated through the chest. In experiments 25 and 31 no 
heart sounds could be heard, but a sensation similar to the 
"bag of worms" description of ventricular fibrillation could 
be palpated next to the heart on the right side. These 
fatalities were ascribed to ventricular fibrillation. Experi­
ments 1, 12, 15, 21, and 22 were considered to be complete 
and irreversible, but 25 and 31 were arbitrarily thought to 
be possible border line cases between ventricular tachycar­
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dia and fibrillation. In experiment 9 slow prolonged beats 
were auscultated before termination. This was thought to 
be complete atrioventricular block developing into either 
complete arrest or ventricular fibrillation. 
Experiments 19, 20, 23, 27, and 30 all had moments of 
very rapid heartbeat which became progressively weaker and 
eventually could be heard no more. This was interpreted as 
ventricular tachycardia leading to ventricular fibrillation. 
The electrocardiogram of experiment 24 (Figure 55) is an 
example of beat origin being other than in the S-A node per­
haps even in the A-V node. The P wave follows the QRS instead 
of preceding it until about the fortieth second post-shock 
when the S-A node seems to take over and the atria begin to 
depolarize before the ventricles with recovery ensuing. The 
electrocardiogram of experiment 27 (Figure 56) is an example 
of ventricular tachycardia with an ectopic origin of the 
beat. Blood pressure tracings of experiment 27 shown in 
Figure 57 suggested that the beat may have become more syn­
chronized for a period of 9 to 10 seconds after the shock. 
Heartbeats were heard for 38 seconds after the discharge and, 
in fact, were auscultated at the time the electrocardiogram 
was being made. Similar electric cardiac activity continued 
after the beating was no longer audible suggesting the heart 
went into ventricular fibrillation. 
The variety of symptoms associated with lightning-like 
electric discharges, atrioventricular block, ventricular 
Figure 55. Electrocardiogram and pneumogram from experiment 24, Thirty seconds 
post-shock heart contraction is originating outside the S-A node. At 
about 41 seconds post-shock the P wave shifts to its usual position 
and the tracing becomes normal again. 
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fibrillation, and ventricular tachycardia or flutter suggested 
that the ventricular conduction system was primarily affected. 
These symptoms also suggested that the seat of the dysfunction 
may vary. There was not sufficient information available 
from this series of experiments to justify more exact lesion 
placement. 
Discharge effects relative to period of cardiac cycle 
A chart depicting the instant of discharge relative to a 
normal electrocardiogram and carotid blood pressure tracing 
can be seen in Figure 58. The periods of partial refrac-
tivity, absolute refraetivity, and susceptibility to electri­
cal initiation of ventricular fibrillation as commonly re­
ported, are also indicated. In the 9 discharges reported, 
energy levels were 1750 joules or larger. With the excep­
tion of experiment 19 all animals had been shorn in advance 
and the fleece contained enough oil to restrict surface trans­
mission of the discharge. The electrode contact areas were 
moistened with electrolyte solution in attempts to reduce 
skin resistance. 
There were no periods in the cardiac cycle of greater sus­
ceptibility or increased resistance to ventricular fibrillation 
when sheep were subjected to discharges of 1750 joules or more. 
Effect on blood pressure 
Representative tracings of post-discharge of right carotid 
arterial pressure are shown in Figure 57, The first second 
or two after the shock multiple peaks occurred in most trac-
Figure 58. Effects of shocks distributed through the 
cardiac cycle. 
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ings accompanied by increases in systolic and diastolic 
blood pressure varying as much as 50 mm of mercury. These 
changes were interpreted as one of 2 possibilities. Multiple 
ectopic systoles initiated by the discharge, perhaps accom­
panied by transient arterial contraction, caused a brief 
increase in blood pressure. Cardiac contraction became more 
disorganized as the intervention of ectopic beats continued. 
As ventricular action progressively assumed the character of 
fibrillation, pumping efficiency declined as evidenced by the 
blood pressure dropping to zero. The second possibility was 
that the heart beat several times after the shock, but the 
transient pressure increase was due to thoracic compression 
as the animal fell. 
The tracing of experiment 27 in Figure 57 indicated a 
brief period of fluctuating blood pressure from the tenth to 
eighteenth seconds. This may be interpreted as evidence that 
the heart almost re-established its pumping function during 
one period. In this experiment heartbeats were auscultated 
for 38 seconds after the discharge, A sample of the electro­
cardiogram of this animal demonstrating electrical activity of 
the rapid ectopic beats is shown in Figure 56, The heart was 
beating about 480 times per minute in this period of ventric­
ular tachycardia. Its normal beat had been 114 per minute. 
The carotid pressure tracing has some small systolic spikes 
beginning about 10 seconds after shock. These spikes were 
at about the rhythm of the heart prior to shock. It may have 
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been a reflection of persistent normal auricular contraction 
or they may indicate that the ventricular myocardium started 
to become synchronized again. 
In the tracing of experiment 25 there was a period of 
slight ripple from the seventh to the twelfth seconds. There 
was a concurrent period of active struggling by the animal 
that probably explains the small pressure fluctuations. 
Fluctuations in the tracing of experiment 24, immediately 
after the extrasystolic action, was broken by a brief un­
successful attempt by the heart to beat normally after which 
the ripple was again seen but at a higher level. Five seconds 
after the shock, the heart resumed a fairly normal beat but 
at a higher pressure and rate. The animal recovered from this 
experiment which reflected the heart's inherent tendency to 
resume normal function. 
The increased carotid pressure in this case may be ex­
plained on the basis of adrenalin release. The few effective 
beats when the heart first attempted to resume normal function 
distributed the hormone in the circulation producing the 
pressor response. The failure of the first attempt by the 
heart to beat normally may also be related to adrenalin for 
this hormone is a potentiator of electrically induced fibril­
lation and conceivably could have reinstated the ectopic beat 
as it was circulated by the few effective beats. 
Unfortunately, electrocardiograms were not being traced 
during this early post-shock period making it impossible to 
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substantiate this hypothesis. However, electroshock therapy 
in humans is accompanied by adrenalin release within seconds 
of the shock and Hoff established the heart's increased sus­
ceptibility to fibrillation when increased adrenalin levels 
were in the circulation. In addition, adrenal gland removal 
protected cats from ventricular fibrillation. 
Effect on respiration 
Animals that were killed by the discharge, with one ex­
ception, experiment 19, showed a transient respiratory arrest 
lasting 3 to 10 seconds. The mouths and nostrils of some of 
the animals made gasping movements but apparently no air 
entered the lungs for thoracic and abdominal muscles were not 
functioning. With all animals true respiration resumed as 
very shallow inspirations which increased progressively in 
rate and volume and continued for 40-60 seconds. During this 
active respiratory phase the nostrils were widely flared and 
occasionally the mouth was opened. Both thoracic and abdominal 
muscles actively participated in the respiratory effort. To­
ward the end of the period of breathing, the magnitude and rate 
of inspirations degenerated rapidly to an occasional gasp. A 
graphic record of the respiratory efforts of some of the sheep 
can be seen in Figure 59, 
The cause of the forced respirations was concluded to be 
from respiratory center response to brain hypoxia of circula­
tory origin. Generalized hypoxia, caused by the period of 
post-shock acapnia and initial shallow respirations, was dis-
Figure 59, Tracings of respiratory activity. 
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counted as a major contributor to the forced respirations 
in the following manner. The nares of 3 normal sheep were 
occluded for 30-40 seconds. When the sheep were again allowed 
to breathe, they took one or two moderately deep breaths and 
resumed normal respiratory rate and volume. At no time did 
these oxygen deprived sheep display forced respiratory atten^ts. 
Cessation of breathing was concluded to be from anoxic respira­
tory center depression. Two survivors, experiments 10 and 16, 
had brief periods of forced respiration but they also had 
concurrent cardiac misfunction. 
Effect on musculoskeletal system 
The musculoskeletal systems of sheep showed no dramatic 
response to the discharges other than an immediate relaxation 
and crumpling fall of most of the animals when the electrode 
was placed anterior to the lumbo-sacral junction. When the 
positive electrode was placed over the gluteal region, poste­
rior to the termination of the spinal cord, muscular contrac­
tion of the pelvic limbs with a forward lunge of the sheep 
accompanied the discharge. 
After a sheep survived a discharge transmitted through 
its body, it appeared to be very weak. Reticence or inability 
to return to a standing position was characteristic. If ani­
mals were lifted to their feet, they would sway from side to 
side and knuckle at the fetlocks for a duration of some 15 
minutes. Surviving sheep recovered in an hour, but the next 
day they showed slight residual effects. The cause of initial 
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weakness was not readily apparent. Since massive contrac­
tions did not occur, it is doubtful that muscular exhaustion 
was the cause. It is conceivable that the current flowing 
through the muscles disrupted necessary electrolyte distribu­
tion. It could also have caused disturbances of membranes 
of the muscle cells, perhaps altering transport mechanisms as 
is described in the discussion. Another possibility is that 
nerves supplying the muscles were functionally disturbed by 
the discharge and that their return to normal would require 
about an hour. 
Of the foregoing possibilities, perhaps the electricity's 
effects on the muscle cell membranes would most adequately 
account for the slight motor disturbances seen in the animals 
the day following an experiment. In this case existing energy 
reserves may be sufficient to allow the muscle to assume some 
function for several hours after the shock. Then as those re­
serves are exhausted, the damage to the cell becomes manifest. 
Synthetic and metabolic demands exceed the ability of the in­
jured cells to respond to normal maintenance functions and 
contractile properties are deprived of energy that is used for 
repairs. Another possibility is that the electricity may set 
in motion chains of events leading to cell debilitation in 
several hours. The cells in turn undergo reversible degenera­
tion with increased membrane permeability, loss of substance, 
and intake of noxious elements from the extracellular fluids. 
Eventually a mild inflammatory response is produced which 
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causes the animal some pain and interferes with locomotion. 
Motor disturbances were the following; Sheep number B 
used in experiments 2, 3, 4, 5, and 6 had a slight arching of 
the back at the thoracolumbar junction, the site of electrode 
placement, the day following the experiments. Two days later 
the ewe appeared normal. Sheep number E survived experiment 
10 and was observed for 5 days. On the first post-experiment 
day she exhibited a slight stiffness of the right rear leg 
with a tendency to take short steps with that leg. The elec­
trode in this case had been placed over the right gluteal 
muscles. This condition disappeared by the second day. Ani­
mals F and G survived experiments 13 and 14 and revealed no 
after effects. However, in both these experiments much of the 
current was dissipated in the fleece. 
Effect on nervous system 
Animals shocked with the surge discharge never gave evi­
dence of being in pain even though they were not previously 
anesthetized. This was in keeping with reports by humans %tio 
have been struck by lightning. In general, at the instant of 
discharge, the animal would collapse on the floor of the re­
straint crate with its legs under it and the head held up and 
forward in a normal manner. Surviving sheep usually lay quiet­
ly for some 4 to 20 minutes. Although apparently confused by 
the experience, they were aware of their surroundings. Some 
mortally shocked animals struggled intermittently, rolled from 
side to side, and kicked with the hind feet for as long as 4 
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minutes. Others lay quietly with a few terminal kicks and 
twitches. The mortally shocked sheep usually seemed stunned 
or confused by the discharge though they remained conscious 
for several minutes. The stunning and confusion were attrib­
uted to the effects of electricity even though the central 
nervous system was not in the current pathway. 
Only when the positive electrode was placed over the 
rump or loin posterior to the termination of the spinal cord 
was there any evidence of muscle contraction in response to 
the discharge. In these cases the animal would lunge ahead 
into the stanchion and collapse with its rear legs extended 
behind it. When the positive electrode was positioned above 
the spinal cord, the animals dropped straight down, even in 
the case of low energy discharges. 
Other evidence for regional nerve and nerve plexus 
effects lies ^  respiration response to the shock. If the 
electrode was placed over the thorax a very distinct inter­
ruption of respiratory movements of the chest and abdomen took 
place. But respiratory movements with nostrils and mouths 
continued in a conscious rhythmic sequence. This suggests that 
the phrenic nerve or stellate ganglia were specifically in­
hibited, Further evidence of regional nerve effect occurred 
in experiment 5, With the positive electrode placed over the 
top of the neck in front of the shoulder, a 225 joule discharge 
caused flaccid paralysis of the cervical muscles for 5 seconds. 
Such a remarkable response from a small discharge indicates a 
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particular susceptibility of nervous tissue, especially areas 
of synapses and nervous bodies such as the spinal cord. 
Although some sheep were more stunned by the discharge 
than others, only one animal completely lost consciousness, 
in experiment 19, In this experiment the electrode was taped 
to the top of the head. With the discharge, all cranial 
reflexes stopped. Breathing ceased and artificial respiration 
was administered for 15 minutes. The heart continued beating 
150-200 times per minute for some 15 minutes after the shock. 
This relatively long period of moderately accelerated cardiac 
rate was interpreted as being due to loss of vagus inhibition. 
Cessation of the beat was characterized by diminished sound 
intensity, slowed rate, and skipped beats for about one 
minute suggesting heart block from hypoxia. 
Mortally shocked animals retained corneal and swallowing 
reflexes until several minutes after the experience. The 
reflexes faded after the animals became unconscious and their 
heads hung limply. Both reflexes terminated simultaneously. 
Four surviving animals from experiments 2, 3, 4, 5, 6, 
10, 11, 13, and 14 showed no residual effect of the nervous 
system from 1 to 17 days after the shock, though they were 
depressed for about an hour following a severe discharge. 
In general, the effects of the discharge were relative 
to the amount of current flowing through the body and to 
placement of electrodes. When the current arced along the 
surface of the fleece, the response was greatly lessened and 
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proportional to the fraction of the discharge going through 
the tissues. 
Comments on the neurologic response of the individual 
animals is recorded under remarks in Table 5. 
Effect on digestive system 
No effect was observed on the digestive systems or appe­
tites of surviving animals. 
Effect on urogenital system 
No studies were made of renal function in survivors, but 
clinical observation revealed nothing remarkable or unusual. 
Effect on general health 
With the exception of very mild transient involvement of 
the musculoskeletal system no disease processes were observed 
to develop in any of the surviving animals. This implies 
that the effects of electricity in the body are prompt and 
transient. With the exception of the heart, normal function 
returns to the tissues within seconds of the termination of 
the shock. 
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PART III. TISSUE CULTURE EXPERIMENT 
Results of the experimental exposure of living tissue 
culture cells to excessively dense current concentrations 
follows. The intent of this work was to establish possible 
lethal effects of electricity flowing through body tissues 
that were in the current pathway, but removed from current 
entrance points. The production of clones from shocked cells 
and the number of daughter cells in each clone were used as 
an indication of cell viability and functional activity. Re­
duced rate of clone formation would be indicative of lethal 
effects by the electricity. Reduced numbers of cells in each 
clone exposed to electricity would suggest prolonged meta­
bolic or reproductive disturbance. The data pertaining to 
clone production was recorded in Tables 6 and 7, 
In the first experiment more clones were produced in an 
average plate of the exposed cells than in the control. Also 
the average clone contained more cells. In the second experi­
ment the control plates had the most clones but the exposed 
clones were largest. 
The results of this experiment were evaluated statisti­
cally with the T test which indicated that the electrical ex­
posure was not significantly toxic to the cells in the sus­
pension. There was no indication that the cells were killed 
or that their reproductive capacity had been seriously reduced 
through electric injury. 
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Table 6. Clone production; number of clones per plate 
containing more than 4 cells 
First Experiment Second Experiment 
Control Exposed Control Exposed 
35 40 43 31 
33 31 40 29 
28 29 40 26 
26 27 40 25 
24 22 30 23 
Total 176 186 217 171 
Mean 25 27 31 24 
Table 7. Average clone size; number of cells per clone 
First Experiment Second Experiment 
Control Exposed Control Exposed 
7.9 8.0 7.8 7.3 
5.2 5.4 6.7 6.8 
5.1 4.9 5.0 5.2 
5.0 4.9 4.8 5.0 
4.9 4.9 4.8 4.9 
4.9 4.6 4.7 4.8 
4^ 4.6 w 4.7 
Total 37.8 38.2 38.3 39.7 
Average 5.4 5.46 5.46 5.7 
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DISCUSSION 
It is proposed that lightning, as well as other forms 
of electric current, causes death of animals by ventricular 
fibrillation and cardiac arrest. Exceptions to this are 
alternating currents of low intensity which may cause asphyx­
iation and death by thoracic muscles spasms. Fibrillation 
is a manifestation of a more generalized disturbance in the 
excitatory impulse transmitting tissues of the body. It is 
proposed that electric current stimulates or disrupts normal 
conducting cell function with the result that the disturbed 
cell no longer contributes its link, and the entire chain 
reaction of physiologic response is broken. In the central 
nervous system such disturbances lead to confusion, loss of 
consciousness and paralysis. Central nervous function returns 
as soon as the individual cells regain their status quo. 
The Purkinje fibers of the heart undoubtedly respond 
in a manner similar to nerve cells but the extremely integrated 
and circuitous nature of the heart beat is such that normal 
contraction is not reinstated. With the nervous system, im­
pulses begin and end in different organs and continuous un­
interrupted repetition of the same sequence of nerve cell 
firings is not a requisite for continued life. However, in 
the heart rhythmic duplication of the same impulse pathway is 
necessary for proper ventricular contraction. It is hypo­
thesized that electric current disrupts the normal pathway 
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by disturbing the metabolic activity or membrane conduction 
of some of the cells. The altered cells interrupt the nor­
mal pathway which necessitates development of ancillary path­
ways of conduction and contraction. Each contraction in­
fluences the character and contraction sequence of the one 
following, IVhen an unusual contraction occurs, it tends to 
be repeated and subsequent beats may become progressively 
more abnormal, eventually leading to ventricular fibrillation. 
Ventricular fibrillation constitutes more or less con­
tinuous asynchronous contraction of the heart without a re­
laxation period for dilation and refilling of the ventricles. 
The blood stops circulating. Anoxia leads to further cardiac 
dysfunction and generalized body and brain cell debilitation 
and death. 
Other than singeing and burning of hair and skin, light­
ning produces few visible lesions in the animal's body. In 
spite of this fact consistent changes are seen in carcasses 
that are characteristic of death by lightning. The explana­
tion for the existence of these alterations lies in the man­
ner of death and the physical condition of the victim and is 
discussed in the section explaining post-mortem change. 
To substantiate the foregoing hypotheses the discussion 
which follows combines information gained from this research 
with basic physical chemical principles. 
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The Lightning Discharge 
Topographical locations and surface effects of lightning 
During the course of this investigation, no topograph­
ical environment was found to be significantly subject to 
being struck by lightning. Victims were about equally dis­
tributed between hills, valleys, and flat terrain. Most ani­
mals were killed under trees partly because they tended to 
congregate under large trees for shelter and because the light­
ning had an obvious propensity for striking tall trees. 
Lightning did not favor one pasture in a community to another 
as a discharge grounding point. Some farmers thought other­
wise, but their reasoning was dispelled when infectious 
diseases were found to be the cause of their losses. 
When groups of animals were killed under a tree, some of 
them would have singe marks and the tree would show chipped 
or torn bark extending as a line down the trunk. Specific 
damage to trees varied from linear flaking of superficial 
bark scales extending up the trunk leaving the underlying 
bark intact to deep fissures separating all layers down to 
and including the cambium. Branches and leaves were not 
broken off by the lightning. Splitting of large limbs and 
trunks was not seen in this series of investigations, How­
ever, buildings struck by lightning had dry wood of siding 
and dimensional members split parallel with the grain. In 
no case was charring noticed in wood involved in a lightning 
strike. 
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A few animals were killed while standing in the open 
away from tall objects. In one incident a hole was blown in 
the earth 6 inches wide and 2 feet deep with no evidence of 
thermal activity noticed at its edges. But, a calf lying a 
foot away from the hole had singed hair over most of its 
body. In another case, a circular area about 2 feet in diam­
eter was 1 point of contact for the discharge. Weeds and 
grass in this area were bluish-green and lighter in color 
than normal and their edges were curled, but no charring was 
evident. The carcass of a cow lying 15 feet from the contact 
area was severely singed. Such observations were interpreted 
as evidence that some, if not most, of the discharge electri­
city by-passes victims. 
In several cases animals were killed while in open pasture 
but had only slight singeing and no sign of lightning contact 
was evident in the surroundings. This lack of physical damage 
was interpreted as an indication of a low energy discharge. 
In one case a farmer and his son were close to such a dis­
charge when it killed 2 steers. Their description of the in­
cident gave the impression that the discharge was not very 
powerful for the light and noise accompanying the discharge 
were minimal and only slight singeing of one animal occurred. 
Testimony from other witnesses indicate that the more intense 
the shock wave and light the greater the energy of the dis­
charge as evidenced by damage to surroundings. It was interest­
ing to note that singed hair and skin were the only evidence 
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of thermal activity from lightning. Both of these phenomena 
are discussed later. 
Pathway of Electricity in the Body 
When the body contacts a source of electrons such as a 
lightning discharge or electrically charged metallic con­
ductor electrolysis occurs at the point of contact. Pre­
viously existing and newly formed negatively charged parti­
cles are repelled away from the contact point because they 
have similar electrostatic charges. In the process, their 
electrostatic fields move with them and repel other similar­
ly charged particles. These in turn repel still other 
charged particles. Therefore ions move other ions radially 
away from the point of contact. 
On the other hand, at the anode electrolysis also occurs, 
but positively charged ions develop and migrate away from 
their source. 
In ordinary water the mobilities of most ions fall in 
the range of 4 to 8,3 x 10"^ cm/sec. However, the mobilities 
of hydroxyl ions is 19,8 x 10 ^  cm/sec,, and of hydronium 
ions, 36,2 X 10"^ cm/sec. This enhanced motility is thought 
to be due to the phenomenon of fast proton transfers between 
water molecules and the ions. The structure of the hydration 
crust which covers cell membrane interfaces is probably a 
modification of ice. The mobility of a proton along the con­
tinuous hydrogen-bonded pathway of the crust exceeds that of 
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adjacent water. Local changes in potential arising from 
externally induced electric current would be preferentially 
transmitted within the curst, somewhat as electrons are 
transmitted through wire (26). 
The magnitude of individual charged particle migration 
in an animal's body is so small even during conduction of 
current from a lightning discharge that interpretation of 
ordinary microscopic and gross structural characteristics 
of tissue in terms of electricity transmission does not seem 
to apply. The things which dictate how much of the current 
is being transmitted by any single tissue are the number and 
kinds of charged bodies free to migrate, the number of movable 
charged groups fixed to stationary macromolecules, the in­
tensity of migration-retarding electrostatic forces, and, in 
the case of protons, the alignment and distribution of hydra­
tion crusts on formed elements. 
The pathway of the electricity through the body is the 
zone of greatest relative active conduction or charged par­
ticle migration. The zone extends through the body between 
current entrance and exit and includes, in any plane per­
pendicular to its course, those tissues which have the great­
est concentration of charged particle migration. This great 
concentration would be a function of the number of charged 
particles contributing to the transmission, their average 
charge, and their average rate of migration. Conversely, the 
pathway would be determined by the tissues which offered 
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potentially the greatest amount of charged particle migra­
tion and which lay within the zone of greatest electromotive 
field intensity. The direction an ion or other charged par­
ticle migrates tends to be parallel with the lines of applied 
electromotive field force and the speed of its movement is 
proportional to the intensity of the voltage. 
The body is a volume conductor and it is hypothesized 
that all electrically charged particles therein whether in 
suspension or solution or as movable parts of fixed molecules 
may contribute to conduction of electricity. Those particles 
of positive charge move in one direction toward the negative 
electrode or cathode while those of negative charge move in 
the other, or toward the positive electrode or anode. Electric 
current flow through a volume conductor involves all portions 
of the conductor but is most concentrated at and between 
entrance points and through zones of highest concentration of 
conducting charged particles. Tissues of high resistivity, 
or low conductance, in the body are excluded from the main 
current pathway simply because they resist intrusion by migra­
ting charged particles or they do not contain sufficient num­
bers of ions and charged particles free to contribute to the 
process of transmission. 
Production of Lesions 
The important electric conductors of the body are the 
ions in aqueous solutions and probably the protons of aqueous-
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formed element interfaces. Approximately 70 per cent of body 
water and electrolytes are within the cells and 30 per cent 
are in the intercellular fluids, blood, lymph and serous flu­
ids. The contribution of each of these fluids to electric 
current conduction is open to speculation. 
When considering the popular concept which holds that 
electricity flows primarily along the course of blood vessels 
and nerves, one has difficulty in justifying such activity 
in terms of the basic physical principles. 
As a conductor, the blood stream by sheer mass and con­
ductivity may contribute to over-all body conduction but it 
would seem erroneous to contend that current flows in the 
lumen of the vessels to the exclusion of the extravascular 
tissues. The linear almost-wire-like structure of these or­
gans suggest the feasibility of this popular concept. It is 
proposed that for the following reasons this is not likely. 
The walls of veins, venules, arteries, and arterioles are 
relatively impermeable to water and electrolytes. Their con­
tents, therefore, are insulated from ions migrating in an 
electric field through surrounding tissues. 
If electricity is to gain access to the general circula­
tion, it must do so at the capillary level. In muscle tissue, 
interstitial fluid volume about equals capillary fluid, and 
since the electrolyte composition of the two is nearly the 
same, conductivity in interstitial space and capillaries must 
be about equal (5, 12, 16), Thus there is no advantage from a 
volumetric standpoint for electricity to flow through an 
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intracapillary pathway. 
The walls of the capillaries are permeable to water and 
ions. The relative concentrations of ions are subject to 
Donnan membrane effects (12). Therefore, it is not reasonable 
to assume that the capillaries would concurrently admit 
current, transmitting migrating ions into their lumens, and 
then selectively prevent the escape and control the direction 
of migration of excess ions as would be necessary if the cir­
culatory system were to serve as current pathway. Capillary 
walls are probably permeable to ions and water only at their 
pores, which constitute not more than 1/100 of their surface 
(16). Under these conditions, electricity transporting ions 
probably traverse capillaries to a lesser extent than through 
interstitial fluids, since they are restricted to loci where 
they can get through capillary walls. 
The structure of peripheral nerve tissue would seem to 
make it resistant to the conduction of large amounts of cur­
rent. The lamellar arrangement of membranous layers of high-
lipid-content myelin would effectively shield the fiber from 
migrating charged particles. At terminals and nodes of 
Ranvier, the fibers would be exposed. But here again as with 
capillaries, the possibility of nerve fibers having some pe­
culiar property by which they would select or attract current 
carrying charged particles into their substance and confine 
them there does not seem likely. It would seem less likely 
that the nerve cells would have some property by which they 
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could control the direction of charged particle migration to 
transmit electricity of exogenous source through their sub­
stance. This is not to say that the nerves are not involved 
in the transmission of electricity; they are, but in propor­
tion to their conductance compared to the conductance of 
surrounding tissues. 
The propagation of an impulse along a nerve fiber is, 
at least in part, an electrical phenomenon that can be 
stimulated to occur by currents of exogenous origin. This is, 
not the same phenomenon that occurs when electricity is being 
transmitted through the body. It is much slower, relying 
upon physical alterations in the nerve cell membrane associated 
with the making and breaking of chemical bonds and the migra­
tion of ions across the membrane into the cell. 
As for the production of lesions by lightning and other 
forms of electricity, blood vessels of the skin were noted 
to be damaged near severe singe marks. Alteration of other 
cells, destruction of collagen fibers and damage to adnexal 
structures in the same area indicate that the coagulation of 
blood, intimai destruction, and hemorrhage were nonspecific 
focal alterations and not manifestations of any electricity 
predilection for blood vessels. Hemorrhage-like changes in 
lymphatic and respiratory tissues reported in this research 
are better subscribed to other causes than electricity because 
these tissues are too remote from sources of the current for 
density to be great enough to damage tissue and because the 
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true cause for their development was explained as a post­
mortem change. Other traumatic lesions similarly isolated 
from the current sources must be explained by an etiology 
other than electricity. It does not seem reasonable to assume 
that blood vessels in certain organs are peculiarly suscept­
ible to morphologic changes caused by electricity. 
Heat and steam are questionable as causes of lesions in 
tissues. To produce an increase in temperature electric 
energy must be converted to thermal energy. This requires a 
resistance to the flow of electricity. In a volume conductor 
such as the body of an animal electricity would tend to 
circumvent tissues of high resistance by flowing through sur­
rounding tissues of low resistance. Hence, the conversion of 
electric energy to thermal energy would not take place, A 
possible exception to this is at points of electricity source 
contact. In these foci current density is high and conversion 
of electric to thermal energy may take place. However, even 
at these sites temperature increases probably are not as 
significant at producing lesions as are other properties of 
the current. 
To correlate skin lesions produced by lightning, such as 
seen under singe marks, with heating effects of electricity 
the following small experiment was conducted. The lip of a 
steer to be euthanatized was anesthetized and a thermister 
probe inserted beneath the skin, A contact electrode was 
placed over the probe. The animal was exposed to 110 volt 
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line current for 20 seconds. When the current was turned 
off, the temperature of the area had increased only 3® G. 
Histologic changes in the skin of the lip were comparable 
with a singe mark caused by lightning in Figure 29, The 3® 
C increase in temperature does not seem to be great enough 
to account for the morphologic changes. More likely causes 
for the lesions are plasma membrane destruction or denatura-
tion of cellular proteins by great intensities of migrating 
charged particles, by conduction of electrons into these 
tissues, or through effects of alteration of the electro­
motive field. 
The implication of this experiment is that morphologic 
changes in tissues produced by electricity may be divorced 
from thermal effects. 
Surface Effects of Lightning on Animals 
It is hypothesized that transmission of electricity in a 
lightning discharge is similar in skin and earth. Negative 
ion migration away from and positive ion migration into the 
area of discharge contact is slower than electron accumulation 
in the plasma at the surface. Electrons in their quest for 
neutralization continue the discharge propagation beyond the 
contact point to the ground. Singes occurring in hair repre­
sent these pathways and the underlying skin constitutes a 
linear contact area for current entrance into the body. 
Singes that extended in a line from the top of the animal 
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down a leg to earth or singes that were extensively dispersed 
over the body of the victim were interpreted as indications of 
a direct lightning strike. 
The generalized singeing of the entire body accompanying 
linear singes on carcasses that were killed by massive dis­
charges may be explained by interpretation of witness observa­
tion, In one case a boy saw a group of steers killed. He 
reported that the flash was very bright, the thunder was very 
loud, and, as the discharge struck, a cone of bright light 
engulfed the animals. The cone of light may represent a zone 
of plasma associated with the discharge. The thermal proper­
ties of the electrons and ions in such a plasma is great 
enough to cause singeing of the electrostatically erected 
guard hairs of animals surrounded by the plasma. 
The most common singes were those that extended from the 
ventral surface of the body to the ground on the medial sur­
face of the legs. Since these were seen most frequently on 
animals killed under trees they are thought not to represent 
direct lightning strike. They may have formed when secondary 
sparks radiating from the base of the tree over the surface 
of the earth followed the leg up to the body. Another possi­
bility is that the hair was dry on the inside of the legs and 
ventral body surface while the rest of the animal was wet and 
the water prevented singes from occurring elsewhere even 
though the victim was struck by a spark from the main dis­
charge pathway. 
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The possibility exists that hairs are singed by electric­
ity flowing through them from the spark pathway down to the 
animal's skin. While it is true that proteins behave as semi­
conductors under the very restricted circumstances of absolute 
dryness, the amount of moisture normally present in the hair 
of animals would be enough to effectively divert significant 
current flow away from hairs. This would be even more true 
when rain had wetted the hide. 
Singes are hypothesized to result from thermal activity 
of excited ions and electrons denaturing the hairs along the 
discharge pathway. 
Deaths and Injuries Caused by Lightning 
All animals struck by lightning were considered to have 
been killed and were singed in the process. No animals were 
found injured from what was considered to be direct lightning 
strokes. 
Deaths and Injuries Caused by Electricity 
of Lightning Origin Flowing Through the Ground 
Probably the greatest number of lightning victims die as 
a result of current flowing through the ground when the light­
ning strikes it. This includes a high percentage of the ani­
mals killed vAiile standing under trees. Animals injured by 
current flowing through the ground showed no lasting effects. 
Some of these injuries displayed transient mental confusion 
but recovery was complete, usually within a few minutes. 
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The distance between an animal and the lightning contact 
point is related to the lethal effects of the ground dissemi­
nated discharge. In most cases, deaths occurred within a 20 
foot radius of the strike contact point, usually a tree. In 
the case previously mentioned where a hole was blasted in 
the earth, a cow and a calf 60 feet from the strike point 
were knocked down but survived while 2 calves some 45 feet 
away were killed. This was obviously an extremely powerful 
discharge as evidenced by the damage done at the contact point 
and testimony of the farmer and hired man. The soil in this 
case was wet from heavy rain and contained high quantities of 
organic matter which would make it highly conductive. It 
establishes an arbitrary upward limit of about 50 foot radius 
for lethal effects. 
In a few cases, cattle were killed beneath trees and a 
lone cow would be found lying 100 feet or so away. 'The lone 
animal was invariably singed indicating the discharge had 
branched and grounded separately at the tree and the cow. Cur­
rent flowing through the ground from the tree was not consider­
ed to be a factor contributing to the death of such isolated 
animals. 
Animals will experience current flow through their bodies 
as the lightning current disseminates through the soil. The 
magnitude will be less through the body than through the earth 
but still significant. Measurements made on a 1400 pound 
Holstein cow standing on wet soil gave a resistance of 1000 
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ohms while the soil she stood on had a resistance of 500 ohms 
for the same distance. Applying Ohm's law to these figures 
one finds the cow conducting one-half as much current as the 
ground between her feet. Animals standing on dry or more 
poorly conductive soil may transmit a large proportion of the 
current if their resistance tends to become lower than that 
of the soil. 
It is theorized that death from ground transmitted elec­
tricity was due to current flowing from the feet of highest 
potential to those of lowest. The current presumably took a 
pathway through the lower portion of the body avoiding the 
brain altogether. This does not explain the mental confusion 
and depression observed to occur immediately after the dis­
charge. Similarly, experiments with sheep established that 
central nervous depression occurred even when the nervous 
system is not in the current pathway through the body. 
A possible mechanism must be found to provide an explana­
tion for the stunning and mental confusion which followed the 
simulated lightning shocks in sheep and which were observed 
in cattle affected by indirect lightning shock. It is pro­
posed that in these cases the capacitance of the victims' 
bodies provided a "pool" into which electricity flowed until 
the electrical charge of all parts of the animal equaled that 
of the main pathway through the body or the underlying earth. 
As the flow through the sheep's body or the ground ceased and 
the electric potential returned to normal, the electricity 
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flowed back out of the animal from all parts of its body, 
even those most removed from a general current pathway. 
The effects of this current flow at the cellular level 
is similar to what it would be if the cell in question were 
situated in the pathway of current flowing between an anode 
and cathode attached to the body. Obviously all tissues of 
the body are subject to this current flow. 
The severity of this type of electric effect is related 
to the wave form of the lightning discharge. If the same 
quantity of electric energy is delivered in two discharges of 
different durations, that discharge with the shortest duration 
will have the greatest instantaneous current density. The 
potential between the ground current and the capacitant sur­
face of the animal will be proportionately high. Therefore, 
more electricity will flow through the animal's tissues. 
The force of this high intensity short duration electric­
ity flow into areas of electric capacitance can be illustrated 
by damage to equipment in the experiments with sheep. In one 
of the sheep experiments the lead was unfastened from all 
equipment contact, but it was left attached transthoracically 
to the animal. A spark from the discharge went past the 
safety-pin electrode on the surface of the sheep and provided 
enough current and potential change to shatter the 10 watt, 
1 kilohm resistor in the electrode assembly (Figure 4), The 
capacitance of the fine electric wire of the lead in this 
case was much less than an animal or its appendages. 
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Deaths and Injuries Caused by Sparks 
of Lightning Origin 
A third method by which lightning may electrocute or in­
jure animals may be through spark extensions of the main dis­
charge. The evidence for this effect is not without question 
but as a hypothesis it explains lesions encountered in several 
animals. The sparks may evolve from overhead branches or other 
sites along the course of the discharge path. They may also 
arise from the discharge contact point and disseminate radially 
over the surface of the earth. 
An animal was suspected of being injured by a spark coining 
from an overhead limb. In this case, 2 animals were killed 
under a tree and a third was found to have hematoma-like swell­
ings on the ribs and gluteal region. No singes or abrasions 
accompanied the lesions. A detailed description of this ani­
mal has appeared previously. Other symptoms and lesions strong­
ly implied that the animal had been injured by lightning. Thhe 
hematomas were assumed to have been caused by lightning damage 
to blood vessels. In other cases, animals injured under trees 
have been singed along their sides but no hematomas occurred. 
A dead cow was found against the trunk of a tree. There 
were 3 suffusion hemorrhages situated just under the skin 
where the victim had been leaning against the tree along the 
course of the discharge. There was no singeing or other 
lesions evident. 
Two cattle were suspected of being killed by sparks propa­
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gated over the surface of the earth. Both of them had a 
suffusion hemorrhage in the subcutis of a fetlock in a position 
opposite the tree that was struck by lightning. No singes or 
burns were evident nor was there any evidence of physical trauma. 
Both animals were within 10 feet of the tree. It was assumed 
that the lightning had damaged the blood vessels focally with 
extravasation of blood shortly before or after death. There 
was no obvious cause for the hemorrhages and the lesions were 
similar in all respects to those seen in the subcutis of ani­
mals contacting lightning discharge paths on the trunks of 
trees. This evidence suggests that lightning sparks can strike 
animals without singeing the hair and may or may not cause sub­
cutaneous hemorrhagic lesions. 
Explanations for the subcutaneous damage without surface 
singeing may lie in the fact that the animal's hair and skin 
were wet. The lowered resistance of the skin may allow most 
of the spark's energy to flow into the tissues. The secondary 
spark's total electric and associated plasma thermal energies 
were so limited that hair escaped thermal denaturation. Also 
the moisture surrounding the hair may have absorbed enough 
heat to prevent damage. 
Another explanation for subcut^eous hemorrhage without 
singeing of hair may be found to lie in the coulombic expansion 
property of the discharge pathway. This is a diametric expan­
sion of the discharge pathway by mutual repulsion of similarly 
charged ions. Such an expansion proceeds with great speed 
196 
and produces a shock wave and the thunder clap. Because of 
the mass involved, kinetic energy is so small that it may be 
absorbed by the skin and immediately underlying tissues. If 
this is true, minor traumatic damage to the subcutaneous 
blood vessels without apparent injury to deep tissues or hair 
would occur in animals standing close to the discharge path 
and in a position where full effect of the shock wave would 
be concentrated in a small area. 
The Paradox of Current Flow and Effects 
It is proposed that electricity-transmitting charged par­
ticles migrate primarily in the interstitial fluids circum­
venting cells and other membrane enclosed structures. And, 
membrane resistance to ion penetration is much greater than 
the resistance of the surrounding fluid. So that, ions by 
necessity would take the path of least resistance through in­
terstitial fluid. 
The following facts suggest that transmembrane electric­
ity transmission does not take place with the currents common­
ly encountered by animals. Thereforej transmission through 
the cell would not occur. If it is assumed that biological 
membranes are composed of hexagonally arranged bimolecular 
lipid discs enclosed between two layers of proteins, as 
Kavanau (26) suggests, then the activation energy necessary 
to move the ions from the aqueous to the lipid phase of the 
discs is 50,000 cal./mole. This is too formidable to be 
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plausible. One might expect, then, that the pore regions in 
the membrane would be the loci where migrating ions could en­
ter the cell. This pathway of entrance is quantitatively re­
strictive, for if all pores are patent at all three-disc junc­
tions, the diameter of a pore is 7.5A, and the center to center 
spacing of the discs bases is 150A; pores would make up ,41 per 
cent of the total membrane area. Add to this the fact that 
each pore is selectively different allowing only certain ions 
or molecules to pass, the total transmission area and the 
chance of current carrying ions passing through the membrane 
is further reduced (26, 47), 
Of the cations transmitting electricity, potassium is 
most freely permeable across membranes but its rate of transm 
fer does not approach free diffusion. Another factor limit­
ing potassium as a contributor to conduction through mem­
branes is its low concentration in the extracellular fluid, 3 
per cent that of sodium. Even if a potassium ion was success­
ful in entering the cell under the influence of electric trans­
mission, the possibility of another cation escaping from the 
cell to continue the transmission is remote. The electro­
chemical forces restraining cation movement from the cell is 
a potential of 10 to 100 mv and the plasma membrane is 10OA 
thick. An exogenous electromotive field of 10,000 to 100,000 
volts/cm must be established for transmembrane potential equal­
ization to take place (47), This equalization would be neces­
sary if cations were to be electrically removed from the cell 
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or anions brought into it. Such voltages are exceedingly high, 
especially when one considers discharge tendency to by-pass 
the animal and to continue on through the air to earth. The 
circuit thus established makes the animal a very high resis­
tance in parallel circuit with the highly conductive plasma. 
The voltage drop across the animal is much lower in this case 
than if the animal were to transmit all of the current. 
At one time, in the course of this research, it was theo­
rized that electricity had lethal effects on the individual 
cells of the body and that death of the animal followed cellu­
lar death. Research with tissue culture cells suspended in 
electrolyte solution similar to interstitial fluid indicated 
that electricity does not kill the cells of the body directly 
nor does it significantly retard their growth and reproduction. 
In spite of these arguments against electricity flowing 
through cells in lightning and electrocution deaths the follow­
ing direct and indirect evidence indicates that electricity 
does affect individual tissue cells, Mcllwain (33) has shown 
that 1 mm thick slices of guinea pig brain will increase oxi­
dative phosphorylation 68 per cent when exposed to direct-
current pulses of 5 volts potential. He has also shown that 
lactate production was increased and phosphate ions were rapid­
ly split off parent high energy compounds in association with 
the current. Two mechanisms seem plausible in these experiments; 
One, electricity disrupts electron transport systems and hydro­
lyses high energy phosphate bonds in the cell, which has already 
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been questioned. And two, electric pulses repeatedly depola­
rize cell membranes and increased oxidative phosphorylation 
and high energy phosphate hydrolysis are used in cells* attempts 
to repolarize their membranes. The latter explanation seems 
more logical for the energy required to hydrolize high energy 
bonds is so great that if this were the case cells would be 
destroyed and metabolism stopped rather than be stimulated. 
Further support for the theory of membrane depolarization by 
electricity comes from Mcllwain's finding that electric stimu­
lation of energy consumption requires the intact cell. Cell 
free suspensions containing microsomes and mitochondria do not 
respond to electricity. 
Evidence that electricity has effects on cells and causes 
nerve cell stimulation is seen routinely in the post-mortem 
laboratory where animals are killed with 110 volt line current. 
The muscles of these animals are in severe contraction during 
the interval of current flow, but relax when the current is 
turned off. Acetylcholine normally affects the transfer of 
motor nerve fiber impulses to the skeletal muscle cells. Suc-
cinyl choline competes with acetylcholine at the site of im­
pulse transfer. The lack of electric stimulation of muscular 
contraction in the presence of succinyl choline indicates that 
muscular contractions normally induced by electricity are due 
to nerve tissue stimulation and not to direct muscle cell 
stimulation. In the heart, succinyl choline seems to inhibit 
acetylcholine inhibition of Purkinje fiber function. The 
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occurrence of ventricular fibrillation then seems to implicate 
either the sympathetic inervation, i-urkinje fibers, or myo­
cardial fibers as the initiating tissue. 
The experiments of Hoff and Mahum (18) with cats showed 
that extrinsic nerves to the heart were important in causing 
ventricular fibrillation in that fibrillation was easier to 
produce when nerves were left intact. Epinephrine which pos­
sesses cell membrane affecting properties was instrumental in 
causing fibrillation during exposure to electricity. Con­
versely, when acetylcholine was administered to the animal 
it protected against ventricular fibrillation. The vagus 
nerves release acetylcholine at their endings when stimulated. 
This chemical decreases the rate of J-/v node rhythm and de­
creases excitability of A-'/ junctional fibers between the 
atrial musculature and the a-V node, thereby slowing trans­
mission of cardiac impulses into the ventricles (16). 
The fact that 2 i-urkinje fiber-affecting chemicals of 
opposing activity influenced the development of ventricular 
fibrillation suggests that the purkinje fibers may be ven­
tricular fibrillation initiating tissues. However, the 
sympathetic fibers may also be instrumental in this effect. 
Parasympathetic fibers, on the other hand, would seem to be 
non-effective, since they release acetylcholine which was 
found to be inhibitory. 
llhen exposed to electricity of limited intensity such 
as line current, the conducting cells of the body of large 
animals depolarize and cause muscle contraction and ven­
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tricular fibrillation. However, no muscular contraction 
occurred when animals were exposed to brief high energy dis­
charges as were used in the experiments with sheep and as 
seen in lightning accidents. This reaction may be related to 
neuron function. When the nerve cell body was in the path of 
the discharge and the electrode was placed directly over the 
head or spinal column in experimental sheep, an apparent ner­
vous paralysis occurred. The animals collapsed and their 
muscles were nonfunctioning for 5 to 10 seconds. Transient 
respiratory arrest, probably a manifestation of nervous para­
lysis, followed inclusion of the head, neck, or thorax in 
the discharge pathway. Muscle contraction occurred when the 
electrode was moved posterior or lateral to the spinal column 
and nerve ganglia were not incorporated in the pathway. The 
experiments with sheep indicated that ventricular fibrillation 
was most likely to occur when the heart was situated between 
the two electrodes. 
Thus a paradox exists. It seems that charged particles 
transmitting electric current do not migrate through cells in 
significant numbers and may not enter them at all in the con­
ductive capacity. Yet the organism's response to the electric­
ity is unquestionably a cellular phenomenon. 
Electricity's Effects on Cells 
In Kavanau's (26) two volume monograph a highly detailed 
description of the morphology and mechanics of cell membranes 
202 
is presented in physical-chemical concepts. This work forms 
the basis for the following theoretical considerations of 
electricity's effects on cells. 
The membranes of cells are composed of a lipid layer 
encased between two protein envelopes. The lipid portion con­
sists of a single layer of discs arranged in a hexagonal pat­
tern, The discs are about 150A in diameter and 5OA thick. At 
loci where three discs join a pore about 7.5A across is formed. 
The two protein layers consist of protein molecules joined in­
to sheets with a pleated quaternary structure. Globular pro­
teins, mostly enzymes, are adsorbed onto the surface of the 
protein sheets. There seems to be no reason to assume that 
the two protein layers are identical in composition or function. 
The lipid discs are composed of a continuous monolayer 
of mixed lipids oriented with their reactive groups outermost 
and their paraffin groups tightly packed perpendicular to 
the surface. Within the center of the disc exists a liquid 
zone of randomly arranged terminals that belong to the longest 
chains. Discs may assume a more stable form as tall narrow 
pillars. The ends of the pillars approximate centrally loca­
ted zones on the disc form about 85A in diameter that are 
highly stable and tightly bonded to the protein layer. The 
peripheries and rims of the discs are unstable. The cause of 
this instability is the crowding of long paraffin chains at 
the edges of the disc with separation of changed terminals. 
In areas of disc rim contact, water Is forced out and ex­
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tensive bonding and attractive forces develop between the 
two surfaces. In the pore areas bonding also takes place 
between opposed radicals but distances are greater and bonds 
are not as frequent. 
It is theorized that alteration of the structure of the 
discs toward a deeper-not-so-wide pillar form with simultane­
ous enlargement of pores occurs as part of the activation of 
the membrane to allow passage of ions and molecules. Posi­
tional rearrangements of polar groups within the channels of 
pores may also be important. Concomitant change of character 
of the overlying protein envelope with closing of the mesh is 
considered to lend to the specificity of pore transport func­
tion. It is also theorized that during transport activities 
the discs of membranes are transformed fully to pillars at 
specific loci. While during impulse transmission a partial 
transformation takes place along the membranes. 
The pleated protein layers are expansible and contract-
able. Amino acid non-polar side chains extend into the lipo­
philic zone of packed paraffin chains in the discs. This is 
primarily true at the centers of the discs, where the back­
bone pleats of the protein sheets are anchored. At all points 
on the surface of the discs bonding may occur between the 
envelope proteins. At the periphery of discs hydrogen bonding 
and polar attractions between lipid and protein are effective. 
Since these bonds are not as strong as the hydrophobic inter­
actions between the protein non-polar side chains and the 
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lipophilic portion of the center of the disc, they are broken 
more easily and allow the reactive polar amino acid side 
chains to rotate with the protein molecules in the envelope. 
The freed rotating polar side chains them combine with other 
reactive side diains in neighboring protein molecules to form 
a tighter, smaller meshed envelope. Divalent-cation bridges 
involving calcium and magnesium ions also connect the envelope 
proteins and disc phospholipids. In addition, the divalent-
cations form bridges between phosphoryl groups of the phos-
phatidic acids \^ich tend to stabilize the disc. At disc 
edges the divalent cations may form bridges between adjacent 
discs. In the region of pores such bridges are thought to 
contribute to pore structural stability and specificity of 
transport function. The remaining dissociable hydroxyls on 
the phosphoryl groups tend to bind monovalent cations. 
During the process of lipid disc conversion toward 
pillar forms, as is thought to occur in transmembrane molec­
ular and ionic migrations, divalent-cation bridges between 
the protein envelope and phospholipids are disrupted. A rota­
tion of the reactive side chains on the proteins takes place 
with alteration of protein quaternary structure. The di­
valent-cations re-establish bridges between carboxyl groups 
on the proteins. Divalent-cation bridges between esterified 
terminal phosphoryl groups are broken and the divalent-
cations combine with the protein envelope or are lost to 
cytcplâsaic anions in the case of the internal surface. With 
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the external surface divalent-cations may be lost to inter­
stitial anions and the external protein envelope. 
At the interface between the cell membrane and the sur­
rounding solution proton activity is increased above the solu­
tion, Proton mobility is also affected. In the disc form 
migration is damped but as the pillar form of the lipid layer 
developes proton mobility is greatly enhanced. 
With this brief sketch of membrane structure and function 
in mind, it is proposed that electric currents commonly en­
countered by animals cause alteration of plasma membranes. 
Bridges of divalent-cations on the external surface are dis­
turbed and broken probably through cationic displacements 
mediated by migrating protons creating an unstable state in 
the lipid discs. Discs then tend to revert to the more 
stable, thicker, and less wide pillar form. Proton activity 
in the thin crust of water at the membrane interfaces in­
creases, Direction of mobility of these protons may be in­
fluenced by the electricity of exogenous origin with further 
disruptive influences on disc stability. Pores expand and 
either establish transport function or lose some if not all 
selective ion and molecule restricting ability. The result 
is influx of cations and protons to balance the electro­
chemical potential within the cells. The cells in effect 
are depolarized. 
With electric currents of low intensity, if the number 
of sites on the surface of nerve or Purkinje fibers where 
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such alterations take place are few in number and slight disc 
transformations occur, a normal wave of depolarization, or 
cell stimulation, takes place. When current densities are 
high, more of the surface of impulse transmitting cells may 
be affected and the degree of transformation of discs to 
pillars is enhanced. This latter occurrence explains the 
lack of evident nerve stimulation seen in lightning victims 
and the momentary nervous nonfunction seen in the sheep 
experiments. 
The period of nerve nonfunction represents the interval 
when the cell is re-establishing plasma membrane integrity by 
returning altered lipid discs to their original confirmation. 
The protein envelopes also are reoriented structurally. Time 
is also used in re-establishing cytoplasmic equilibrium and 
transmembrane electro-chemical potential disrupted by the 
electricity-Induced plasma membrane alterations. 
Ventricular fibrillation might be initiated by electric­
ity in two manners. Low intensity current- may cause plasma 
membrane alterations that are limited in extent or degree with 
stimulation of the conducting system of the heart. Probably 
the Purkinje fibers are most susceptible to this influence. 
Fibers so affected are stimulated outside their normal rhyth­
mic sequence and a new sequence begins for them that is mani­
fested by ectopic beats which lead to ventricular fibrillation. 
More intense electric currents interrupt the contractur-
al sequence of the heart by momentarily paralyzing conductive 
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membrane function in the heart. Alterations of Purkinje 
fiber plasma membranes that are severe in extent or degree 
obviates stricken cells and their associated myocardial cells 
from the contractural sequence. Loss of a segment of the con-
tractural sequence leads to further aberrations and ventricular 
fibrillation follows. No doubt in the situation where high 
intensity currents are effecting the heart both stimulatory 
and paralytic actions are occurring simultaneously. Cardiac 
arrest caused by electricity may be the consequence of large 
areas of the cardiac muscle and conduction system undergoing 
paralysis. 
To support these hypotheses, recall that Ferris (13) found 
that the heart was most susceptible to low intensity electric 
currents and the limited membrane alterations they produce 
when polarization of cardiac cells was complete. In other 
words, the cells were in a state susceptible to depolarization 
or stimulation. In this research, however, it was found 
that high intensity currents caused ventricular fibrillation 
irrespective of the state of cardiac cell polarization. 
Explanation of Post-Mortem Change 
The field survey of animals known to have been killed by 
lightning established beyond any doubt that there are charac­
teristic changes associated with lightning. And yet, it is 
pointed out in this discussion that all of these changes could 
not have been produced by the electricity. Furthermore, sheep 
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killed by lightning-like discharges indicate that lightning 
deaths are typically free of lesions until several hours 
after death at which time degenerative changes have developed 
which have the appearance of being lesions. 
Generalized subcutaneous hyperemia; hemorrhage in medias­
tinal, cervical, and head lymph nodes; hemorrhage in the ton­
sils; froth and hemorrhage in the bronchi and trachea; peri­
tracheal hemorrhage; thyroid congestion and hemorrhage; and 
blood in the perivascular spaces of the brain can be explained 
primarily as a post-mortem phenomenon especially in ruminants. 
It was noted that bloat and lightning victims both had 
fluid and poorly clotted blood in their large veins. The 
abdominal viscera with occasional exception of the spleen con­
tained very little vascular blood. The jugular and other veins 
of the head and neck were usually greatly distended. Micro­
scopically, all tissues of the head and neck were congested 
on the venous side of the circulation. Animals, which die 
rapidly without protracted stress such as with lightning and 
bloat, typi_ally have blood which coagulates slowly to form 
soft clots that are quickly lysed. 
Animals dying of some infectious diseases or that have 
been stressed for days or hours prior to dying have rapidly 
clotting blood which remains coagulated until putrefaction 
is quite advanced, McKenzie (34) found that healthy, well 
fed dogs which died from unstressed hypoxia contained blood 
that remained fluid and did not clot until four hours after 
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death and fibrinogen levels fell gradually. In dogs exposed 
to mild stress, a solid coagulum formed in the heart and major 
vessels soon after death. Prothrombin activity and fibrinogen 
concentration increased and accelerator globulin levels fell 
during the stress period. His results indicated that tissue 
trauma was not necessary for stimulation of post-mortem coagu­
lation. McKenzie also found that blood from lingering ill­
nesses clotted soon after death and was slow to lyse, but 
blood from sudden deaths with no previous illness contained 
few clots. 
Most animals killed by lightning have been in good health 
and have been eating just prior to or at the time of death. 
Ingesta in these animals continues to ferment post-mortem with 
liberation of large amounts of gas, especially in ruminants. 
The gas distends the abdomen forcing unclotted blood anterior­
ly through the portal veins, posterior vena cava, and vena 
azygos. The forward flow of venous blood by-passes primarily 
the right ventricle and proceeds into the anterior vena cava 
and pulmonary vessels with accumulation of large amounts of 
blood in these systems. The absence of valves in the anterior 
vena cava permits passive congestion in the veins of the 
region it drains. Other characteristics of the anterior veins 
is that they are thinner walled than their posterior counter­
parts . 
The thinness of the walls may be a developmental reflect­
ion of the generalized negative pressures of very low positive 
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pressures in Che veins of the head and neck. The veins of 
the head and neck lack the structural support of veins in the 
somatic areas of the rest of the body. The muscles in these 
cervical areas, especially in the bovine, are loosely layered 
for increased suppleness and mobility, and the perivascular 
areolar tissue is extensive and loosely arranged. All of these 
factors contribute to the dialation and engorgement of the veins 
and capillaries of the anterior part of the body. 
Examination of a carcass or its tissues will almost invari­
ably reveal that arteries contain much less blood than the 
veins. Normally the arterial system contains about 30 per cent 
as much blood as the venous system. This relative lack of 
blood is further accentuated by an apparent tendency for the 
muscular walls of the arteries to constrict after death and 
force their blood into the capillaries. Pressure is the same 
in arteries and veins but evidently the thicker walls of the 
arteries resist dilation better than veins and capillaries. 
Just as blood in the veins of the abdomen and thorax flows 
forward to the anterior vena cava so must some of the blood in 
the arteries flow into the brachiocephalic trunk. However, 
the previously discussed characteristics of arteries and the 
outlet through the iliac arteries explains why engorgement 
of the anterior arteries is not significant. 
Pressure differences were measured in the carcass of a 
feedlot steer that had been dead for 12 hours. A manometer 
was attached to 3 inch 12 gauge needle with a foot of % inch 
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latex tubing. The needle was inserted into the left side 
of the abdomen, it probably entered the rumen, a pressure 
of 80 mm mercury was registered. The needle was then inserted 
4 times into the subcutaneous tissue of the neck. In each 
case the pressure was 30 mm mercury and into the jugular vein 
where the reading obtained was 40 mm mercury. 
Intra-abdominal pressures in other dead tightly bloated 
cattle were measured at 80 mm of mercury while extravascular 
tissues of the head and neck maintained pressures of 40 mm. 
Such high intra-abdominal pressures force blood from the vis­
cera into the lower pressure somatic areas. The degree of 
pooling would be proportional to the pressure differential and 
would be manifested by engorgement of somatic veins and capil­
laries. 
Another factor affecting pooling of blood is hypostatic 
congestion. This is a hydrostatic force of gravitational 
origin which exerts pressures against the walls of vessels. 
The circulatory system is closed so a pressure gradient is 
distributed throughout the blood vessels of the carcass, being 
greatest at the lowest portion of the carcass and least in the 
blood vessels in the most elevated parts. The pressure is re­
flected in a somewhat proportional dilation of blood vessels. 
It is suggested that the generalized subcutaneous hyper­
emia is a consequence of blood forced from the viscera into 
the somatic vasculature and further extruded into the vessels 
of the loose areolar tissue when the striated muscles undergo 
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rigor mortis. 
Post-mortem extravasation of blood is a composite of the 
aforementioned vascular pressures, the distention of the ves­
sel walls with associated tendency to fenestrate, and endo­
thelial degeneration. This latter factor is usually considered 
to be a normal consequence of hypoxia. The degenerating endo­
thelial cells tend to fenestrate and lose connection with each 
other, thereby affording openings for extrusion of blood into 
extravascular spaces. 
Pulmonary changes 
Bronchial and tracheal froth and hemorrhage appeared to 
develop in a manner similar to the hemorrhage-like post-mortem 
changes just described. In the lung, capillaries were exposed 
to an even greater pressure differential than those in other 
tissues. Blood coming from and through the heart congests in 
the alveolar capillaries. The low pressure of the atmosphere 
in the lungs permitted serum to escape into the alveoli "where 
air was trapped and minute bubbles form. Blood cells also 
enter the alveoli and either combine with the froth that is 
forming or flow into the bronchial tree with the serum. Ab­
dominal distention encroached on the thoracic cavity and for­
ced froth and blood from the lungs forward into the bronchi 
and trachea. 
Historically, such accuimalations of blood in the trachea 
along with concomitantly formed submucosal petechiations have 
been classified as antemortem hemorrhage. The cause has been 
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ascribed to agonal struggling and hypoxic degeneration of 
endothelium with hemorrhage occurring in terminus. With such 
belief firmly in mind it was decided early in the project to 
duplicate the lesions of lightning by suffocating an animal. 
A 500 pound steer with an encephalitic condition that had 
been erroneously diagnosed as injured by lightning was used,. 
The animal was anesthetized to the second plane with thiamylal 
sodium and a plastic bag tied over its head. The animal kept 
breathing for 5 minutes during which time respirations became 
very deep and rapid. Active struggling did not occur though 
the animal did kick all four legs a few times. Necropsy was 
performed immediately after death and no hemorrhagic lesions 
of any kind were found. 
The thesis was then held that lightning must cause blood 
vessel damage and permit hemorrhage. This was subsequently 
disproved by the surge discharge experiments on sheep. In 
these experiments electricity was not found to cause ante-
mortem hemorrhagic lesions but that as time passed after death 
hemorrhage-like changes began to appear in the lymphoid 
tissues and respiratory system. From this work conclusions 
were drawn that extravasation of blood does commonly occur 
and is, in fact, a typical post-mortem change in healthy well 
fed animals that have died quickly and without undergoing 
stress. This hypothesis was further substantiated in the 
following experiment. 
Six old ewes were purchased and placed in confinement for 
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one week. During this time they were fed hay and water. The 
ration was considerably poorer than v^at they had been used to 
so they lost some weight and were probably mildly stressed. 
All animals were driven into the post-mortem room and killed 
by cardiac fibrillation. Alligator clamp electrodes were 
attached transthoracically to the axial skin. Line current 
was transmitted through each animal for 5 seconds after whidti 
time the electrodes were removed and the animal left to die. 
After death the animals were placed on their left side 
and numbered from 1 to 6. Sheep number 1 was necropsied 
immediately and its prescapular lymph nodes, thymus, lungs, 
trachea, and brain were removed, photographed, and sections 
fixed in 10 per cent formalin for later histopathologic exam­
ination. All other sheep had the same organs removed and given 
the same treatment with the following exceptions. Sheep num­
ber 2, 5, and 6 had their right prescapular lymph nodes re­
moved at the time of death. The nodes were photographed and 
fixed in 10 per cent formalin at that time. Necropsies were 
delayed in the sheep for specific periods in order to iden­
tify any possible progression of post-mortem changes. Sheep 
number 2 was necropsied 2 hours after death, number three 4 
hours, number four 8 hours, number five 16 hours, and number 
six 24 hours after death. Figures 60 through 69 illustrate 
the development of post-mortem changes in the lungs. 
Lung tissue histologically became congested as early as 
2 hours post-mortem. By 4 hours post-mortem alveoli were 
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beginning to collapse and congestion was quite advanced with 
some serum beginning to accumulate in the atelectatic al­
veoli. At 8 hours there was considerable serum accumulating 
in the alveoli and more alveoli had become atelectatic with 
a few erythrocytes found outside the blood vessels. At 16 
hours post-mortem the alveoli were mostly filled with serum­
like fluid and it could be seen accumulating in bronchioles 
together with air bubbles. Twenty-four hours after death 
lung architecture was hardly recognizable as saprophytes, 
fluid, and cellular debris occupied most of the tissue space. 
Lymphatic tissue 
As with respiratory tissue, hemorrhage-like changes in 
the lymph nodes of head, neck and shoulder developed after 
death. The tonsils and thymus contain primarily lymphatic 
tissue. So what is true for lymph nodes is probably true for 
thymus and tonsils. For some reason lymphatic tissue appeared 
more susceptible to post-mortem extravasation of blood than 
other tissues. Whether this property is because the capillary 
endothelium in lymph nodes has less strength than in other 
tissues or because metabolic processes t^ing place in the 
nodes after death are exceptionally detrimental to endothelium 
is not known. 
Based on the post-mortem experiments with 6 sheep, the 
following sequence of events is proposed to take place in the 
development of a "hemorrhagic" prescapular lymph node, A de­
tailed description of the morphologic changes seen in the 
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experiment will be presented later. Initially there is deple­
tion of cells from the sinusoids. It is assumed that these 
pass out in the lymph for no debris can be seen in their place. 
At about the same time blood is beginning to congest the blood 
vessels and small extravasations occur in the cortex. As time 
passes, sites of extravasation of blood cells become more 
numerous and the amount of extravascular blood increases and 
begins to migrate into the sinusoids of the medulla. This pro­
gression of events continues until the medullary sinusoids 
become engorged with blood which begins to flow out of the node 
through the lymph vessels and to settle hypostatically into 
the ventral subcapsular sinusoid. 
The possibility exists that the medullary sinus blood 
comes from retrograde circulation through lymph vessels. It 
may originate in the anterior vena cave and flow back through 
a lymphatic duct. This is doubtful because of the extensive 
valve system in the lymphatic ducts and the fact that sinus­
oidal erythrocyte accumulations are first seen juxtaposed a 
focus of extravasated erythrocytes in the cortex. 
It was apparent that hypostatic congestion plays an 
important part in the development of these hemorrhage-like 
changes. The prescapular lymph node on the ventral side of 
the carcass was always filled with blood. It was interesting 
that the lymph nodes on the down side of the carcasses in the 
experiment were significantly less degenerated than those on 
the upperside. This condition was also commonly seen in light­
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ning cases. It probably reflects a cooling, hence preserving, 
effect by the cool concrete or earth. Also ventral nodes 
may get less of the direct heating effect of sunlight in 
lightning fatalities. 
Following are chronologically arranged descriptions of 
histological lymph node changes occurring after death of the 
animal. Figures 70 through 85 illustrate gross and micro­
scopic lymph node changes. In 2 hours apparent enlargement 
of the sinuses with cellular depletion had occurred. Sinus­
oidal endothelium remained intact. A few erythrocytes were 
seen in medullary sinusoids. These red blood cells were in 
small clusters or surrounded lymphocytes and reticular cells. 
Venous and capillary congestion in the cortex was noted. Foci 
of extravasated red blood cells were present in accumulations 
smaller than germinal centers. 
After 4 hours the prescapular lymph node on the top side 
of the animal was congested. Erythrocyte accumulations in 
cortex were about the size of germinal centers with a few 
larger accumulations distributed throughout small nodules. 
Erythrophagia was beginning to occur with macrophage cells 
phagocytyzing red blood cells clumped about them. The pre­
scapular lymph node which had been on the under side of the 
carcass contained many red blood cells in sinusoids and cor­
tical extravasations were slightly larger than those in the 
upper node. 
After 8 hours both prescapular lymph nodes had medullary 
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sinuses filled with blood and serum. The lower node appeared 
more hemorrhagic than the upper and less hemolysis had occurred. 
The fact that the lower lymph nodes of animals dead 4 and 8 
hours contained the most blood was indicative of hypostatic 
pooling of blood. The lower lymph node was beginning to col­
lect blood in the subcapsular sinuses. Subcapsular erythro­
cyte accumulation was greater at 16 hours than at 8 hours. 
After 24 hours saprophytic bacteria were present in the blood 
vessels. Hemolysis of erythrocytes in blood vessels were 
more advanced than in sinusoids. 
Brain changes — 
Extravasations of blood in the brain appeared to be a 
consequence of the post-mortem changes discussed above. In 
an experiment with 6 sheep to be described later under pul­
monary changes the development of venous congestion and extra­
vasation of blood were directly related to the passage of 
time, Wxen the brain was removed at the time of death, no 
congestion of veins, venules, and capillaries was observed 
histologically nor was there any hemorrhage. 
At 2 hours post-mortem the veins were moderately con­
gested and degeneration of capillaries permitted occasional 
extravascular minute foci of erythrocytes near the surface 
of the cerebral cortex. 
At 4 hours post-mortem congestion was more severe. Capil­
lary degeneration and perivenous accumulations of erythro­
cytes were more apparent in the cerebral cortex. At this time 
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a few foci of extravasated red cells were found in the thal­
amus near the lateral ventricles. 
Eight hours after death accumulations of red blood cells 
in the spaces around thalamic venules were common and cortical 
extravasations of blood cells were beginning to disseminate 
in the surrounding parenchyma. 
Sixteen hours post-mortem congestion was no more severe 
than at 8 hours but extravasation of blood was more evident 
(Figure 86), In the thalamus there were extensive areas 
where the red blood cells were disseminating into the sur­
rounding brain tissue, the picture at 24 hours was about the 
same as at 16, indicating that most of the hemorrhage-like 
changes take place in the first 16-24 hours after death. At 
the various post-mortem intervals the extravasations of blood 
had hemorrhage-like appearances but the semblance became re­
markable in later stages. 
During necropsies of the 6 experimental sheep the blood 
appeared to be well clotted in the large veins 8 hours after 
death. At 4 hours it was poorly clotted and at 2 hours there 
was no coagulum. At 16 hours post-mortem the blood was seen 
emerging from the nostrils and pooling on the floor, where it 
was noted to be clotted (Figure 87). 
In the field survey portion of this project five cattle 
were posted that died from bloat. Pathologically they were 
almost indistinguishable from lightning deaths. The lungs of 
those dying from bloat, however, tended to be atelectatic in 
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the ventral areas of the cardiac and apical lobes. 
Three sheep were examined that died from bloat. One was 
necropsied 40 minutes after death and the others, 3 and 9 hours 
post-mortem. Pathologically, these animals would have been 
indistinguishable from lightning or other electricity fatalities. 
The development of lymph node and pulmonary changes almost 
paralleled those seen in the experiment just described. Histo­
logically, perhaps there was a slight tendency for congestion 
and extravasation of blood to occur earlier and to be more 
severe than in sheep carcasses investigated for post-mortem 
change. Blood had not coagulated in any of the carcasses at 
necropsy. This accentuation of post-mortem change can be 
explained by the prior good health and nutrition of the vic­
tims and the fact that they were bloated at the time of 
death. Immediately upon death this latter factor established 
pressure gradients in the carcass. 
Figure 60. Normal sheep limg removed at time of death. 
Figure 61. Section of above lung. Note the lack of con­
gestion in alveolar capillaries. X 100. 
zzz 
Figure 62. Normal sheep lung removed 2 hours after death. 
Figure 63, Section of above lung. Note that congestion of 
alveolar capillaries is apparent. Contrast with 
Figure 65. X 100. 
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Figure 64. Normal sheep lung removed 4 hours after death. 
Figure 65. Section of above lung, 
veolar capillaries and 
X 100. 
Note congestion in al-
some serum in alveoli. 
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Figure 66. Normal sheep lung removed 8 hours after death. 
Figure 67. Section from above lung. Note congestion and 
hemolysis in capillaries, some serum in alveoli, 
and post-mortem alveolar emphysema. X 100. 
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Figure 68. Normal sheep lung removed 16 hours after death. 
Figure 69, Section from above lung. Post-mortem decomposi­
tion has partially obliterated pulmonary paren­
chyma. X 100. 
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Figure 70. Normal sheep prescapular lymph node removed at 
time of death. 
Figure 71, Section of above. Note lack of congestion in 
cortex and medulla, X 10. 
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Figure 72, Normal sheep prescapular lymph node from down 
side of carcass removed 2 hours after death. 
Note congestion and hemorrhagic-like lesions. 
Figure 73, Section of above lymph node. Notice congestion 
of venules and diminished cellularity in the 
medullary sinusoids between trabeculae and cords 
of lymphatic cells. X 10. 
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Figure 74, Normal sheep pr.escapular lymph node removed from 
upper side of carcass 4 hours post-mortem. 
Figure 75. Section of above lymph node. Notice small extra­
vasations of blood in cortex with erythrocyte 
accumulation in the lymph sinusoids at the peri­
phery of the medulla. X 10. 

Figure 76. Normal sheep prescapular lymph node removed from 
lower side of carcass 4 hours after death. 
Figure 77. Section of above lymph node. Marked extravasation 
of blood in cortex with noticeable accumulations 
of blood in the lymph sinusoids at the periphery 
of the medulla, X 10. 

Figure 78. Normal sheep prescapular lymph node removed from 
upper side of carcass 8 hours post-morCem, 
figure 79. Section from above lymph node cortical extra­
vasation of blood with central extension of 
blood in the medullary lymph sinuses. X 10, 

Figure 80, Normal sheep prescapular lymph node removed from 
lower side of carcass 8 hours post-mortem. 
Figure 81. Section of above lymph node. Progression of 
extravasated blood toward center of medulla 
through lymph sinusoids. X 10. 
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Figure 82. Normal sheep prescapular lymph node removed from 
carcass 16 hours post-mortem. 
Figure 83. Section of above lymph node. Marked congestion 
of medullary lymph sinusoids with extravasated 
blood. X 10. 
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Figure 84. Normal sheep prescapular lymph node removed from 
carcass 24 hours post-mortem. 
Figure 85, Section of above lymph node. Very marked con­
gestion of blood in medullary lymph sinusoids 
and focal extravasation of blood in the cortex. 
X 10, 

Figure 86, Section of brain. Extravasation of blood into 
perivascular space and infiltrating surrounding 
tissue. Necropsy performed 8 hours after death. 
Figure 87. Head of sheep 16 hours post-mortem. Blood began 
flowing from nostrils about 10 hours post-mortem. 
X 100. 
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é\ field survey of lightning fatalities was conducted 
over a 3 year period, lV;o hundred sixty-four investigations 
were carried out and 63 lightning fatalities were necropsied. 
Lightning fatalities were characterized by singes of 
the hair and/or damage to the surroundings in about 90 per 
cent of the investigations. Cyanosis and post-mortem bloat 
were encountered in a high percentage of the cases. Con­
gestion and apparent hemorrhage characteristically appeared 
in the anterior superficial lymph nodes of most of the vic­
tims, Also, tracheal extravasations were characteristic. The 
digestive tract and its contents were normal. Microscopically, 
anterior superficial lymph nodes were congested and extravasa-
ted blood was uniformly found. Lungs were congested and serum 
and blood were found in the alveoli. Blood was found in peri­
vascular spaces and surrounding parenchyma of the brain. In 
most cases singe marks were not accompanied by noticeable his­
tologic change in the underlying skin, wTaen skin damage did 
occur, it involved mostly the epidermis though a few severe 
burns extended into the dermis. 
Singes were the primary lesions produced by lightning, 
x'îost other findings were caused by progressive changes taking 
place after death. As the digestive tract became distended by 
gas, visceral blood was forced anteriorly into the respiratory 
system and head and neck, r-ost of the blood accumulated in the 
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venous side of the circulation and capillaries. Degenerating 
endothelium permitted blood to escape into surrounding tissues. 
This phenomenon simulated antemortem hyperemia and hemorrhage.. _ 
Injured animals were examined. Electricity of lightning 
origin caused transient effects. In most cases recovery was 
complete within an hour. In one case complete recovery re­
quired about 2 weeks. Blast effects of lightning caused middle 
and inner ear damage in 2 steers but recovery was complete. 
Lightning causes death by direct shock and by earth con- _ 
ducted electricity. In the latter case, 50 feet from the 
discharge contact point was believed to be the upper limit for 
fatalities. Most deaths occurred within a 20 foot radius. 
A surge generator was constructed to simulate lightning. 
Discharges of 50,000 volts and 1750 joules were commonly used. 
Sheep were exposed to the lightning-like discharges. Death was 
produced by ventricular fibrillation and cardiac arrest, I^hen 
the bodies of neurons were in the pathway of the current, they 
suffered functional paralysis. %en nerve fibers were in the 
path of the current, stimulation occurred. Respiratory arrest 
for 3 to 10 seconds after the discharge was the rule. Necropsy 
findings typical of lightning fatalities were encountered only 
when necropsy was delayed several hours. 
Tissue culture cells were shocked by high intensity elec­
tric discharges. They were found to be unaffected in growth 
and reproduction and were not killed by the electricity. 
An experiment was conducted with 6 sheep to establish 
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some of the normal progression of lymph node, lung and brain 
changes after death. It was found that post-mortem extra­
vasation of blood is a normal occurrence in these tissues. 
The extravasation of blood progresses with time. 
Electricity is theorized to flow mainly by charged par­
ticle migrations through extracellular fluids of the body. 
Protons originating in the external plasma membrane - inter­
stitial fluid interface - contribute to the conduction of 
electricity through tissue and in the process destabilize 
the lipid portion of plasma membranes. Concurrently, divalent-
cation bridges on the membrane lipid layer are disrupted lend­
ing to membrane destabilization so that permeability is in­
creased. Slight increases in membrane permeability are pro­
duced by currents of low density—and result in nerve cell and 
Purkinje fiber stimulation. Currents of high density cause 
extensive alterations in plasma membranes with functional 
paralysis of nerve cells and Purkinje fibers. It was thought 
that the two responses cause ventricular fibrillation by 
these different means. 
\ 
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